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ABSTRACT

The feasibility of providing coolant to the drill bit, of chip removal ard
of dry diamond rotary drilling was demonstrated.

Based upon the feasibility demonstrations, continued development and
an established technique of core retrieval without drill string removal, a
lunar drill engineering model was designed to have the capability of driliing
in dry rock to a minimum depth of 100 feet when operated by a space suited
astronaut. The drill system and component development are discussed. Two
drill systems of this design were fabricated and dehvered

Limited laboratory system testing on basalt rock hac shown that the
system is a workable tool, although further development will be necessary.

Recommendations for future development approaches are provided.
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SUMMARY

Prior to the actual design of the engineering model, the objeciive was to
demonstrate the feasibility of providing coolant to the bi: of the manner of
chip removal and of dry diamond rotary drilling. Thesc feasibility objectives
were demonstrated.

The objective for the engineering model design was tc develop a suitable
facsimile of a lunar drill prctotype capable of cutting core samples in dry rock
to a depth of at least 100 feet, and to be ablc to operate in a high vacuum. The
restraints were:

e Total drill system package limited to 200 pounds excluding power supply

® Weight of vehicle or shelter, which might be applied to drill operations,
could be approximately 5000 pounds

® Any gases, liquids, or solids uscd in drilling opecration must be considered
part of the drill system weight

e Power would be limited to @ maximum of 5 kW

e Hole cave-in was to be prevented for the first 5 feet

e Dril! system to be operable by a spacc-suited astronaut.

Two engineering models were delivered - one in a disassembled condition
for compenent testing by MSFC, NASA. The assembled model was used to
demonstrate the workability of the system for drilling in dry basalt rock and
to recover cores.

Whereas the engineering mode! drill system did not achieve all of the ob-
jectives of the program, significant advances were made toward the goal of
developing a reliable tool for the post-Apollo missions,

® Diamonc rotary drill bit technology was advanced to tite point where over
10 feet of basalt can be drilled with an internally cooled bit, and to where
there is evidence that the internal coolant may nct be necessary, These
advances were demonstrated by one or more tests.




»

® Automatic control of the drilling factors, once the settings are made,
and an alternate manual control capability.

® Automatic protection circuitry to shutdown the drill system where the
automatic control settings are exceeded and for operator safety. Indica-
tors are provided to indicate the shutdown cause.

® Systems to provide rapid recovery of cores and to remove drilling chips.

® A bit cooling system including a rotary joint which, under vacuum con-
ditions, changes the coolant flow from a straight to a rotary path.

® A multihorsepower dc motor, which will operate under high vacuum con-
ditiona.

® A solid lubricated gearbox, which gives promise of operation in a high-
vacuum environment as the result of tests on solid lubricated gears
and bearings

® A method of casing the hole for the first 5 feet to prevent cave in.

® A drill system which is designed to be assembled and operated by an
astronaut under lurnar conditions,

The weight objective was not achieved. Thé use of new engineering materi-
als, the potential results of the recommended engineering studies, and the
potential elimination of some components give promise of meeting the weight
restraint.

The critical hardware components were delivered later in tne program than
scheduled and could not be thoroughly tested prior to the drilli system tests.
The systein testing was reduced in scope due to the delay in component delivery,
component failures, long replacement sidelobes, ard sunding problems. The
workability of the drill system design was demonstrated to NASA personnel
prior to delivery by dry drilling into basalt and by breaking the core.

The limited laboratory system testing has indicated that further develop-
ment will be required in the following areas:

® Diamond Bit Design

® Chip Removal

® Gear Box

® Drill String Coupling

® Drill Motcr

x1




o Automation Techniques. o
The recommended approaches are dilCﬂl;;d in Section 3.

The drill system test gave indications that it may be possible to drill
without internally cooling the bit. Confirmation of these indications would
permit the elimination of the weight and the failure potential of the bit coolint
structures which include the heat exchanger, rotary joint, valve assembly,
and the complex drill string joints. With the elimination of these components,
the number of ¢rilling operations could be reduced, other operations be

simplified, and the systern made more adaptable to automation technigues.
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1. INTRODUCTION

1.1 PROGRAM OBJECTIVES
The overall objective of the Lunar Drill Program was to develop a lunar
drill capable of taking lunar surfice cores to depths of at least 100 feet and
to examine methods and techmques of extending this concepi bpeyomd iUU icei.
The specific objectives of contract number NAS 8-20547 were to demonstrate
feasibility of the Westinghouse concept by performing laboratory feasibility
tests on specific high-priority elements during the first 120 days of the

contract and to develop an engineering model which was a suitable facsimile

- of .a lunar drill prototype capable of taking core samples in dry rock to a

depth of 100 feet. The work was to be accomplished within the following
restraints:

a. The total weight of the drill including any coolant material, but
excluding the power supply, should not be greater than 200 pounds.

b. The weight of the vehicle or sheite: which might be applied to the
drill during drilling operations was approximately 5,000 pounds mass, Be-
cause of mounting restrictions on the vehicle and the reduced lunar gravity,
the practical limitation for thrust was approximately 400-pound force.

¢. The maximum power level for the drill should not exceed 5 kW,

The deliverable items on the contract were to be:

a. A set of engineering, shop, and assembly drawings of the engineering
model of the drill,

b. An engineering model of the drill.

c. One unassembled engineering model with five lengths of rigid
coupling.

d. Monthly, quarterly, and final reports,

1-1



1.2 CONCEPT AND PHILOSOPHY

il

The We‘stingbouse lunar drill concept is predicated on the design and
development of an adaptation of an operational system, the E.J. Longyear
Wireline Drill. The wireline drill has been in widespread use for 17 years.

Figure 1-1 shows the engineering model and figure 1-2 shows the mockup
which depicts the major components. The wireline drill system, like con-
ventional drilis, consists of a drill-rig, a prime mover, drill rods, a core
barrel and a bit, and employs corventional rotary drilling. The unique ele-
ment, which sets the wireline drill system apart from other drilling systems
and techniques, is the method of core recovery. As the core is cut, it is
collected in a retractable core barrel whici: can be liited tn the surface with-
out withdrawing and dismantling the drill reds and leaves the Uit in place.

__After a length of core is withdrawn, the same or an alternate retractable
A‘cé)re barrel can be lowered into place inside the drill ’roc‘! and drilling con-
tinued. This technique permits a large reduction in the operation time of
the drill compared to otker drilling systems and is a very desirable feature
considering the high man-}tsur cost on the moon and the short sta,times sched-
aled.

The¢ comparatively few and simple operational steps necessary to obtain
a .ore should result ir a highly reliable drilling ope.ation. This has been
cerionstrated over the perioc of years on earth and highly desirable for lunar
cdrilling operations when a man is hampered by a space suit euvironment., A
special casing is drilled in for the first 5 feet to coliar the hole to prevent
surface and immediate subsurface cave-in. The crill string itself serves as
the casing for the Lole below the top-of-the hole casing.

This system has been adapted to operate in the lunar envircnment by
oroviding a sealed dc motor for vacuum operation, and solid metallic base

ricants for bearings and gears. The use of lightweight construction is a

«onnir;ation of the weight modification program that has already resulted in

1-2
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Figure 1-1. Lunar Drill Engineering Model
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the development by the E.J. LonWy of a helxcopter transportable

drill unit for use in remote areas of the U.S.A., Canada, and Indxa.

A preliminary analysis shows that a 100-foot hole will take approximately
40 hours to install, drill, and collect samples in dry rock using the wireline
techniques,

No problems of a nature which would make a lunar drill unfeasible have
come to light during the Westinghouse studies of the lunar drilling problem.
The major engineering problems, to which the development program was
addressed were bit design, chip removal, bit temperature control and heat
removal in the absence ofd;.a—-t‘ﬁ.rally available cooling fluids such as would
be encountered in the lunar environment,

In the design of the Westinghouse drill, the limitations of the space-suited

astronaut was one of the major lradeof’ areas considered. As demonstrated

ST o i

by the problems encountere b) the Gemini astronauts during” extra-vehicular
activity , it is evident that a maximu'n degree of automation should be pro-
vided to lighten the astronaut workload, However, according to the NASA
specification, the overa'l drill system weight was to be limited to 20( pounds.
Thus, a compromise was struck between automation and the resultant lighten-
ing of the astronaut workload or. one hand ard weight saving on the other,
Westinghouse believed that 1t was more important during th:s deveicpinent
to cemonstrate the feas:bility of the overall approack thar to desigr maxamum
automation into the equipmenr! at the expensec of time, weight, and additional
funds, Thus, automatic control and protection devices have been made a
part of the system, but full automation could not be incornorated,

Due to the limited time and funds available for the development of the
engineering model and the manyrareas in which significant research and
develocpment were necessary, it was not possible to carry out an extensive
component and subsystem development testing program. The results of
previous programs in suck areas as drillirg, solid lubricants, and sealed

motors for vacuum application were drawn upon heavily as background for
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the engineering model. Background obtained from these programs and experi-
ences indicated a high probability of success in these development areas.

The one area in which little or no previous experience was available was
that of dry (no coolant or lubricant external to the bit) diamond drilling. As
a result, this subject received consideratle attention. To date, it has been
demonstrated tlnt a dry diamond bit can drill to depths in excess of 10 feet
in a dry rock. As will be discussed in some detail later in this report, there
are a3 numher of improvements which can be made to the present bit design
which should greatly increase its life.

From the overall systems viewpoint, the decision, not to enter into an
extensive research prograrn but to e>xtrapolate the results of other programs
tc the particular problems to be enccuntered in the lunar drill, resulted in
subsystem and com onent failure during the systems test. Some failures were
related to quality control problems rather than the design. The failures.
the resulting engineering changes, and the difficvities with funding caused
the completion of the program to be extended be'"ond the expected contract
end date of July 29, 1966.

1.3 PROGRAM EVOLUTION

Westinghouse was required to demonstrate the feasibility of certain priority
requirements during the first 120 days of the contract. Specifically, these
priority requirements were:

a. To demonstrate the mechanical arrangement to provide coolant to
the bit.

b. To demonstrate the manner of chip removal,

c. To demonstrate feasibility of the rotary dry diamond bit criiling.

These feasibility demonstrations were completed as of 10 December 1965,
On 13 January 1966, conditional approval for the continuation of the contract
work was received from the contracting officer, As a part of this aporoval,

"

it was stated that ", .. with much research anc development (the rotary con-
cept) is a possible tool for iunar subsurface drilling. More realistic tests of
the bit operation and life t.me should be carriec out during the continuing

development work, "’ 1-6




Westinghouse fully appreciated the necessity for additional research and
development and complied with the spirit of the contracting officer's recom-
mendation within the limitations of time and funds imposed by the contract.
Upon completion of the feasibility tests and receipt of the contracting officer's
approval to continue work, firm arrangements were made within Westinghouse
and with the subcontractor, E.J. Longyear Company, to develop the neces-
sary hardware for the lunar drill system. Delivery of sufficient numbers of
subsystems to assemble the system and start systems testing was accom-
plished during July. In the period from July to 2 December 1966, iterative
testing, modification, and upgrading of the system were undertaker and drill
system operation was demonstrated successfully.

1.4 SYSTEM DESCRIPTION

Figure 1-1 shows the assembled engineering model of the lunar drill
mounted in the laboratory. It will be mounted in a similar fashion to an AES
payload such as the lunar module.

The drill frame, sealed motor, gearbox, ball screws, and chuck form an
assembly which folds for transport. Aluminum was used wherever possible
for weight reduction. The sealed motor has a closed loop cooling system con-
sisting of hoses, c¢xternal pump, and a heat exchanger. For long term field
testing, an air-cooled motor is supplied and appears ir the illustration.

The gearbox has a neutral position and iwc rotational speeds for driving
the drill string. In addition, it supplies power for a hoist and for vertical
movement of the drill carriage. Two tack-to-back hysteresis clutches con-
trol these hoist and feed movement3s when suitably energized by the controls
and with the hoist or feed gear arrangement set ir: the .;ppropriate position.

The drill string is connected by a chuck to the bull gear. The 100-foot
drill string consists of 5-foot lengths of drill rods and auger-flighted core
barrels and a bit. When the core barrels onlv are used for the first 10 feet of
drilling, a core barrel-chuck adapter is employed. The auger flights on the
core barrels are designed to lift the drilling ch:ps to a maximum height of 15

feet where they are moved inside of the core barrel assembly.
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The bit has an internal manifold which permits coolant to remoye heat
from the bit crown. The bit crown containt’diamnds laid out in a 3now plow
design which moves the chips to the outer diameter where they enter\the
auger flight system. The diagonq:. are oriented so that the hard vectcrs
are positioned in the direction of cutting to reduce diamond wear,

The bit coolant system is a closed loop consisting of a radiator, a valving
system for preventing coolant loss during drill string additions, hoses, a
ratarw inint for transferring coolant to and from the rotating drill string,

passages in the chuck, adapter, drill rods, core barrels and bit. Special

seals and couplings are provided to prevent coolant loas,
Bit temperature is sensed by a thermistor embedded in the bit matrix.

The power to and the signal from the thermistor is passed by signal leads !
through contacts at every drill string joint to the rotary joint. An appropriite
signal bridge and rotary transformer passes the signal to the coutrol indicaror
via the signal conditioner circuit.

The core recovery system is built arounc the wireline technigue which
eliminates the requirement {or removing the drill siring to recover the core.
An inner core barrel - chir basket ass. ~>'v is positioned interral 1o the outer
core barrel assembly. As the dril! strirng advances, the inner core barre)
assembly slides down over the core anc the chip basnet! receives the chius
frcm the auger flight svstem on the exicerior of the octer core barrel. When
the 5-foot core is producecd, the ¢rill siring is ra:sec 1 to 2 inckes. A core
lifter, based on the chinese finger principle, quickly grabs the core, and the
upward pull of the drill siring breaks the core. The hoist is emploved to
drop the overshot, a mechanism which locks to the inner core barrel assembly,
down the drill string anrulus. The hoist pulls the inner core barrel to the
surface where the chkips anc core car be removed,

The control and protect:cn unit receives bit temperature, thrust, feed
rate, ax:a! limit, gear positior, and suppoTt structure vibration signals to

Mmaintain automatic contro: ¢f the drilling cperatiorn and tc provide protection
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against damage. Visual fault and operating condition indications are pro-
vided by indicator lamps. Manual control is also provided. A remote con-
trol, when energized, can control the drill up to 100 feet from the drill site.
A motor starter is provided to limit motor power inpu' to the gearbox, and
a signal conditioner is utilized to convert the sensor signals 1o an appropriate
form for control operation,
The sealed motor requires a filtered 100 V dc power supply and a 115 V
ac 60 Hz power supply for the external pump. The air-cooled mcior requires
28 V dc power supply.
The controls reqguire a f.ltered 26 V dc power supolv.
The major componerts and total weights of the engineering moce? zre

listecd ir. table 2-3,




2. TECHNICAL DISCUSSION

2.1 DRILL BIT DESIGN AND CUTTING REMOVAL
2.1.1 General Background
Bits designed for earth use are normally of the following types:
® Carbide bit
® Roller bit
¢ Diamond bit

Carbide bits are used for rotary, percussion, and rotary percussion drilling
of rocks. Because it has a high compressive strength, carbide bits find wide
use in percussion-type drilling. ‘ '

Although carbide has a compressive strength of the same order of magnitude
as diamond, it does not compare favorably with diamond for hardness. As a
result, diamond drills are preferred for rotary drilling in igneous rock.

Rolling cutter rock bits have cutters, roughly conical in shape, assembled
on bearings attached to the bit body. With a thrust load on the bit, the cutters
break up the rock into chips as they are forced to roll on the bottom of the hole
whern the drill stem is rotated.

Several varieties of roller bits which can successfully drill a variety of
rock types are commercially available. However, the roller bit is not con-
sidered for use in the l''nar drill sys*am for the following reasons:

® Heavy thruct levels are required.

® The hole to core size efficiency is poor.

Core recovery in hard, broken rock, or rubble is poor.

The diamond bit is generaliy cylindrical in shape and set with diamonds in

the area that cuts the bottom of the hole and gage. In commercial bit patterns

of diamond setting, diamond size and number, head shape, and water courses
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are determined by the kind of formation to be drilled. Generally, larger and
. fewer diamonds are used in bits drilling in soft formations and smaller and
greater numbers of diamonds are used in hard formaticns. Since soft forma-
tions tend to build up on the bit matrix, larger diamonds are used on the soft
formations.

Diamond bits provide the capability to drill through any known earth materi-
al and are also expected to be capable of drilling through the lunar material.
The design of a diamund bit st suited ¢o the lunar formations and environ-
ment will be vitally important to the success of core drilling mission. Some
of the aspects of diamond bit design that will require attention are covered
in subsequent paragraphs.

a. Diamond Loading

As the bit rotates, the diamond velocity and penetration rate per inch of
travel varies as the distance of the diamond from the center line or axis of
rotation. Each diamond should have definite penetration rates ara each
diamond should be stress-analyzed so that it would be at a safe working level.
Safe load limits for diamonds have been determined with respect to size, shape
and grade.

b. Matrix Material

The hard sintered metal that holds the diamond in the bit is called a matrix.
Most North American manufacturers of surface set diamond bits now use a
matrix of sintered powdered metal. The matrix hardness classification has
three general divisions: standard (about 30 Rockweil C), hard (about 40 Rock-
well C), and extra hard (about 50-60 Rockwell C). Careful consideration of
the formation to be drilled determines the hardness of the matrix to be used.

c. Friction of a Diamond

The coefficient of friction for the diamond decreases as a function of load,

Thus, by proper thrust loading of the bit, the coefficient of friction can be

reduced appreciably. In the earth environment, for example, proper loading
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reduces the friction coefficient as much as threefold. At the same time,
inadequate loading of the diamonds reduces the life and performance of the
bit by what drillers refer to as "polishing or burnishing the bit. "

Another method of substantially reducing the coefficient of friction is to
introduce a gas or atmosphere that will contaminate the surfaces oif the
diamond by forming a friction-reducing surface layer. Hydrogen does not
have the ability to form a satisfactory layer as shown by Bowden but oxygen
aind watsr vapsr have the canahility af forming the necessary surface film.
Bowden® and coworkers have shown that in a vacuum of 1o°l° Torr, the
coefficient of friction of diamond sliding on diamond is of the order of 0.9 to
1 (figure 2-1).

d. Diamond Crientation

It is necessary to mount the diamond crystal in the bit so that the hardest
portion of the diamond is presented to the direction of work. Long** reports
that the setting of the hard vector orientation in high grade diamonds in a
bit crown appreciably increases the drilling performance and life of the bit.

e. Diamond Size and Set

When the diamor.d is cast in the matrix so that a portion of the diamond
prctrudes from the matrix, it is called a surface set bit. The size of the
diamonds normally used for surface set core bits ranges from 8/carat to
60/carat.

An impregnated bit is one in which the diamond particles are dispersed
uniformly throughout a relatively soft matrix. During the speration of the
drill, the abrasion of the rock chips continually wears away the softer matrix,
exposing fresh diamonds. An impregnated bit is generally considered to be

less efficient for core drilling than a surface bit.

* Dr. F.P. Bowden, Function and Wear of Diamond in High Vacuum,
Cavendish Laboratory, Cambridge, England.

**x Long, Dr. Albert E. and C.B. Siawson, Report of Investigation 4853;
Diamond Orientation in Diamond Bits, Bureau of Mines,
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Figure 2-1. Equilibrium Value of Diamond Frictionas a Function
of Gas Pressure

2.1.2 Bit Development and Chip Removal

As noted in the introduction, rotary dry diamond drilling and chip removal
were two of the priority areas for which feasibility was to be demonstrated
during the first 120 days of the contract. Consequently, effort was immediately
initiated on these areas and because of their fundamental importance has
continued at a high level througnout the program.

Since there was no putlished record of a successful attempt to drill with
a dry rotary diamond drill, it was necessary to initially evaluate the problems
that exist with coinmercial drilling equipment and then to design a develop-
ment program based on the state-of-the-art knowledge. Because of the
urgency of the program, it was decided to initiate immediately both an

empirical and an analytical program.
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Commercial experience has shown that prompt chip removal from the
cutting area is critical, since the bit binds and overheats if this is not accom-
plished. An analytical effort was undertaken at Westinghouse as well as at
Arthur D. Little, Inc. to determine theoretically the cutting mechanisms
involved, the fraction of the heat remaining in the rock, the amount that could
ke carried away as chips, and the amount that is transmitted to the bit.

Simultaneously, empirical efforts were initiated to determine the feasibility
of drilling dry if chips could De removed, ihc Ucaign O augcs agnts &3 carsy
chips up and out of the hole, and the optimum design of the diamond bits to
assist in the removal of the chips and to prolong the bit life.
2.1.2.1 Bit Development

By 1 December 1965, the feasibility of dry diamond driiling in ulira-hig

j=1d

vacuum had been.demonstrated by drilling approximately 6 inches into:a.

R

basalt rock. The drilling was intermittent, allowing the bit to cool after
every 30 seconds of drilling. Chip removal was excellent and no bit damage
resulted.

Following the demonstration of feasibility, the b.t tests continued with
carefully instrumented tests which allowed the determination of matrix tem-
perature, rpm, thrust, torque, penetration rate, and calorimetric measure-
ments on specially constructed bits. Continued study of the problems of
diamond setting resulted in a general improvement in diamond bit uesign.

in June of 1966, a water-cooled bit,which incorporated cubic gage stones
and oriented octahedral face stones,drilled )23 inches in basalt. Because of
limitatione of the test drill system used, the maximum length of each stroke
was approximately 8 inches. It is believed that, if the bit could have been
allowed to cut continuously, the total length drilled would have been well in
excess of that accomplished. Bits of this general design were delivered as
a part of the drill system. Figures 2-2 and 2-3 show one of che bits built

to thirs specification.
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In the course of the experimental effort described briefly above, 34 diamond

bits were manufactured and tested. Table 2-1 is a summary of the tests run
and the results obtained. The details of these tests are presented in Appendix
A.

The analytical effort that paralieled the experimental work just discussed
drew heavily on the experimental results for guidance and verification. It
can ha shown on the basis of this work that approximately 80 percent of the
total heat generated in drilling resides in the chips. Part of the residual heat
remains in the rock and only a small portion of it is actually transmitted to
the bit. It then follows that,if the chipe can be quickly removed from the cut-
ting area, the bit cooling required will be minimized. This analysis has led
to the conclusion that,if the chips can be removed,there is a reasonable
possibility that dry drilling can be ac complished with no bit cooling.

Tests run during the drill systems tests have verified tentaiively the validity
of this analysis. During these tests, one drill bit was used to drill dry into
basalt. No internal coolant was used and drilling pro.ressed normally to
22 inches where the bit failed mechanically (figure 2-4). Inspection of the bit
showed only minor chipping of the face diamonds and normal wear on the re-
mainder. The crown mechanical failure occurec due to the seizing, of the bit
as a result of a chip binding problem.
2.1.2.2 Chip Removal

The problem of chip removal is closely associated with drill bit design.
Early bit tests relied or. centrifugal force for chip removal. The feasibility
of lifting chips out of the hole with auger flights was demonstrated as one of
the priority items during the initial 120 days of the contract.

The chip removal problem is a two-fold one. It is, first, necessary to
move the chips outward away from the drill bit toward the side of the hole
and then to lift the chips to the top of the hole or to a point that they can be
deposited into a chip basket. The former problem is a function of bit design

and the latter is a function of the auger flight design.

2.8
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Figure 2-4.

Bit Crown Failure During D»y Drilling
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As illustrated in figure A-17 of Appendix A, the bit face has been designed
so that the diamonds cpiral toward the outer edge of the bit to give a ''snow
plow' action. F'ive channels are also designed into the bit to allow more
freedom of movement of the chips to the outside.

Extensive auger flight tests at a number of rotational speeds indicated that
at the drill speed of 1000 rpm a 40-degree pitch was more efficient than more
shallow pitches. However, some evidence has shown that a tendency toward
chip binding is increased with the higher pitches and a compiroiniss f 3 38-
degree pitch was selected.

The original drill concept called for the capability of taking 5-foot cores.
Density measurements on basalt chips indicated that the volume of chips
obtained is approximately twice that of the core. The chip volume to core
relationship dictated the design of a 5-foot core barrel and auger flight
assembly. Five feet of the inner core barrel portion of the assembly would
hold the core and 10-foot chip basket would retain the chips. Laboratory chip
rermoval tests, using a plastic tube and simulated chios (Portland cement
powder) showed that the auger flight was capable of lifting chips at least 9
feet. A marginal capability of depositing the chips in a chip basket was also
demonstrated. A 15-foot chip lifting test was planned, but time and funds did
not allow it to be carried out.

2.1.3 Results and Conclusions

The bits delivered as a part of the contract are constructed as shown in
figures 2-2 and 2-3. The face diamonds are oriented octahedron crystal struc-
ture, exposed approximately 0.010 inch above the matrix and imbedded well
past the midpoint of the crystal . The ID and OD gage stones are combination
octahedron and dodecahedron crystal structures. The original design called
for cubic diamonds in the gage positions. However, due to a shortage of
cubic stones, the dodecahedron and octahedron crystals were substituted.

Drilling tests run with bits of this design indicate that in steady drilling, the

2-12




life time should be a minimum of 10 feet. Repeated stopping and starting will
almost certainly shorten the life time as the result of the diamond burnishing
during feathering and the increased danger of breaking diamonds. For better
bit life, the initial collaring of the rock surface should be done with a bit
other than that used for drilling the hoie.

The chip removal design of the bits and the auger flight is felt to be margin-
ally satisfactory. The chip removal tests are promising. In actual drilling,
us to chin agglomeration was experienced at depths of 22
inches. The ability to deposit chips in a chip basket 15 feet above the cutting
surface has not been satisfactorily demonstrated. The system delivered
utilizes the "snow plow'" and chip passage design shown in figures 2-2 and 2-3
and five 35-degree auger flights on the sides of the bit and the core barrel.

In summary, diamond bit and core barrel auger flight designs show
promise, but are not at this time con;idered Suit;ble for a practical lunar
drill design. Bit life time of up to 123 inches in basalt has been demonstrated
with a bit design of this type. Auger flight efficiency has been demonstrated
in loose chips up to 9 feet with marginal ability to place the chips in a chip

bacsket.
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2.1.4 Development Recommendations

It is recommended that a broad program be initiated in the immediate
future to improve the bit cutting and chip removal techniques. Basic research
into the mechanism by which diamonds cut should be accomplished. A study
should be made of wear rates and wear mechanisms under a variety of
conditions. At the present time, knowledge of these areas is almost pure
speculation since very limited work has bee.. done in these areas and much
that has been done is not published in the open literature.

In parallel with the diamond research effort, a well balanced analytical
and experimental program should be initiated to study chip removal techniques
and the design of bits to take maximum advartage of theoretical information
already available or that which will be developed under the diamond research
program. For example, more exhaustive-auger flight tests should be run
tc more clearly maximize anger flight angles, depth of the auger flights,
clearance between the OD of the core barrel and the hole, etc. It is believed
that an immediate improvemert in bit life could be accomplished by utilizing
proderly set cubic gage stones and octahedron face stones set to cut along
the "hard vector',

The question of diamond loading should also be investigated. Current
commercial suppliers use a rule of thumb of 4 pounds per diamond. No
satisfactory data has been found to indicate that this is an optimum figure,
and if the variations in size, setting, and contact area of the stones in
commercial bits are considered, it is clearly at best a questionable figure.
The number of diamonds making contact at any one time is highly questionable
in commercial bits because of relatively large variations in the matrix
elevations as well as in the diamond protrusion above the matrix. If bits
using selected and carefully set diamonds were developed, meaningful tests
could be conducted to determine the proper loading to extend life time.

Concurrent with the above discussed studies, s:eps should be taken to

improve the quality control practices of potential diamond bit suppliers.
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Since diamond bit fabrication is an art rather than a science, steps must be
taken to make the procedure mo-e rigorous and methodical so that reproducible
bits can be fabricated. Methods of determining logical tolerances and then
monitoring them should be developed in conjunction and cooperation with the

bit manufacturers. This is necessarily an educational process whereby the
manufacturers must be made aware of the special prcblems facing the lunar
drill in order to gain their cooperation.

2.2 CORE BARKEL, DKRILL RUOD AND THUCTK DESICN

2.2.1 Core Barrel Design

The core barrel is made up of two sections, an inner and outer core
barrel; the outer core barrel drives the bit and removes the chips, the inner
core barrel retains the core and the chips so that they can be brought to the
surface. The outer core barrel is made up of three mating 5-foot sections
as discussed in paragraph 2. 1. Auger flights are ground on the outside of
these sections for the purpose of lifting the chips from the drilling area to the
top of the core barrel and the chip basket. These sections, which are
constructed of stee! and chromium finished on the outside, are designed to
give sufficient rigidity to insure a straight hole and reduce bit run-out to
an acceptable level. The chromium plating serves tc increase wearability.
The outer core barrels are made up of two tubes which are pressed together
during final assembly; the outer tute carries the auger flights discussed above
and the inner provides passageways for instrumentation leads and for the
coolant water and steam: of the bit thermal control system. The coolant and
instrum.entation passages mate with corresponding passages in the bit and the
dril! rods to aliow continuity from the bit to the top of the drill string.

The three 5-foot sections of outer core barre] are designed to mate with
threaded male and female joints. The threads are cut in a precision manner
to insure that when the threads are tight the auger flights are smooth and
continuous between connecting sections. O-ring and gasket seals are used to

prevent leakage and electrical contact is maintained by pressing the mating
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connectors together. Alignment of the electrical contacts and the thermal
‘control passages is assured by the precision mechanical threads.

The inner core barrel and chip basket assembly are designed to lock into
place inside the lower outer core barrel section and is used to retain and
recover the core and the chips. As noted in paragraph 2.1, the density of tae
chips is such that the volume of chips generated in cutti.ng a core is approxi-
mately twice that of the core. The inner core barrel assembly is then
divided iais three parts - 2 core harrel § feet long and two 5-foot lengths of
chip basket. Openings in the upper outer core barrel section allow the chips
that have been augered to the top of the core barrel to enter the chip basket.

The lower end of the inner core barrel is provided with a mechanism
which grasps the core as it is pulled upward. When the reduced cutting rate
of the drill activates the "pull core' signal, %}\edrxll is stopped automatically.
As the entire drill string is raised slightly, é\e core lifter, in the inner core
barrel, grasps the core and breaks it free at the core-rock interface.

As discussed in the introduction, the entire drill string need not be
removed to recover a core. Inner core barrel recovery is accompiished by
dropping a "'wireline' with a magnetic overshot attached down the drill
string - the magnetic overshot engages the top of the chip basket. As an
upward force is exerted, the inner core barrel assembly is unlocked and
drawvn up the inside of the drill string. The replacement inner core barrel
is lowered in the same manner and locked into place. Figure 2-5 is a sketch
of the core lifter in place ir the bit and around the core. Figure 2-6 shows
an inner core barrel with a corein it and a core which has been removed.

2.2.2 Drill Rod Design

The drill rods are made of 5-foot lengths of extruded 6961 T-3 aluminum.
Each rod has four holes for coolant passages {onc liquia, 3 steam) and four
channels for instrumentation. The coolant passages mate positively with ma’e
and female fittings. The rod sections are jcined by an external cougling

which utilizes guides and a segmented thread coupling much like treech tlock
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Figure 2-5. Lunar Drill Bit and Core Lifter
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Figure 2-6. Inner Core Barrel and Core

locking mechanism. The contacts and coolant passages are mated and the
coupling is given a partial turn firmly connecting the rods. The coolant
passages rely on O-ring seals and the electrical contacts rely on mechanical
pressure as in the core barrels. Figure 2-7 shows the end view of two drill
rods and the coupling provisions.
2.2.3 Chuck Design

The chuck provides the interface between the drill rods, the gear box, and
the rotary joint. Coolant and electrical signals are passed through the rotary
joint into the chuck. The chuck mates with the gear box bull gear through
a splined connection and connects to the drill rods in the same manner that
the drill rods are connected together. An adapter is provided to allow the
chuck to be used with the core barrels for the first 10 feet of drilling. Figure

2-8 shows the chuck.
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Figure 2-8. Chuck
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2.2.4 Development Recommendations

2.2.4.1 Core Barrel

The outer (ore barrel fabrication method has resulted in serious problems
in the final product. All core barrels that have been delivered tc date have
been crooked, out of round, and oversize. The present design of the outer
core barrel incorporates two cylinders. The OD of the outer cylinder has the
auger flights ground into it and the inner cylinder OD has the water, steam,
and electrical lead passages milled inte at. After the madhimng 15 iinishad
to close telerancies, the twe cvlinders are mated by shrink fitting techniques
and welding. Manutacturing development 18 rec ommended to allow a higher
quality fabricatior technique to be employed.

The inner cure barrel core grasping mechanism (core lifter) has been
demeastrated succes==iully frem the (ore grasping viewpoint. There is somie
tendency fovr the «ore to break, not at the point of grasping, but at the rock-

core intertace. Extra rock beyond the diameter ¢f the ore may come along

with 11, and the « ore will not pass throwet the Ccore litter readi iy Tle (T
therefore carn. t he renved from the Rfter section woth 1 break.ne oft

the extira MiateTial W Tooexamilhalion ¢ 1has Gosig'. Wil Do TeGulTew o GeteTe
mine what is Lcoessary for o clcal coTe breos

The ELJ0 Loncvear wirceling concept rovidos tor anoon Tab ot ok Jucth e

over a spearhevad wnose base 1s attached throopr a latcting device 1o the

Yoepen
ilig e N

inner core bharrel assenbly, The force whaon s the coersnet Clany
over the spcarheac 1s suppiied by the kinetic encrey of lowering the overshot

and the weight of t} * overshot. After the innir core barrel assembly is

emptied, it is returncd 1o its operatling position. A specia! sleve is used on

the overshot for this operation wkhich forces the clamp open when the weight of the

inner core barrel on the clamp 1s relieved by its reaching its operating position.
The overshot then cur be withdrawn., Recogrizing that the reduced gravity on

the moon would require s iarper nass o perforn the san.e clan.ping action

a new overshot cmvploving nmagne!s wae designe ¢ 1. seer welght to a rmoanin L.
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(figure 2-9). The principle of operation was to use the maximum force eserted
by the magnets to lift the full core barrel assembly and to use a lesser force,
created by introducing an air gap, to lower the inncer core barrel from the
lower outer core barrel, The overshot was designed to have a maximum
85-pound pull for raising the full inner core barrel assembly and a 20-pound
pull for lowering the empty core barrel and releasing the overshot. The
dimensional restraints imposed by the drill string annulus and the degr~e of
effectiveness of the available magnets resulted in a maximum 60-pound and a
minimum 14-pound pull, Although a 60-pound pull is entirely adequate to iiit
the 28-pound weight of a loaded inner core barrel, it was not sufficient to
pull the core barrel free of the effect of wedging of the inner core barrel
during core break.

It is recommended that the overshot be redesigned to a form similar to
the Longyear commercialdesiun for.a. motre positive core recovery despite

the weight penalty,

€46CA - PF-1}

Figure 2-9. Overshot
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2.2.4.2 Drill Rod

The presently available drill rod; have been statically pressure tested.
Hnwever, no operational tests were required as a part of the contract. In the
opinion of Westinghouse, the interconnection between the drill rods will not be
reliable enough when used in long strings under field operating conditions.

It is recommended that design studies and tests be carried out to determine
what reliability improvements should be made.

The possibility of utilizing Lockalloy for drill rods to decrease weight and
increase strength should be reexamined in the light of advances made in the
technology over the past year.

2.3 CASING

Five feet of casing is provided to prevent cave-in during the first 5 feet of
drilling since dust or rubble will most likely be encountered. The casing is
furnished in five 1-foot sections which'are thredded to form one continuous
5-foot length A diamond crown is provided on the first section and auger

flights are milled on the outside of the casing. The first section mates

| mechanically with ti.e drill string diamond coring bit and the casing is

driven through this connection. When the casing has been driven to the 5-foot
depth, the drill string is retracted slightly, placed in the rotational mode and
advanced. The mechanical connectors on tl'c casing bit are cut off by the
diamond bit and driiling continues normally beyond the casing depth. Figure
2-10 shows the casing bit and figure 2-11 shuws an end view of the coring bit
installed inside the casing bit. There has been no operational testing of the
casing bit design. Testing should be performed to determine the adequacy of
the casing design.

2.4 ROTARY JOINT DESIGN

2.4.1 General

The rotary joint is necessary to provide coolant to the rotating drill string
and bit as well as to provide a means of transmitting instrumentation signals

from the driil bit to the monitoring equipment. The rotary joint attaches to
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Figure 2-11. Casing Installed on Coring Bit
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the top of the chuck and connects_to the bit radiator and control panel on one
end and the drill string -oolant channels and bit instrumentation on the other.
Modification of a standard rotary seal is used for the water and steam
transmission and a rotary transformer has been incorporated for the trans-

mission of the instrumentation signals. Figure 2-12 shows the rotary joint.

e T L TN -

CACEA-PF -8

Figure 2-12. Rotary Joint

2.4.2 Feasibility Tests

Since the rotary joint was vital to the operation of the lunar drill concept
as originally proposed, feasibility demonstration of the rotary joint during

the first 120 days of the contract was a contractual requirement as discussed

in the Introduction. The feasibility tests were conducted using a Type E rotary

Joint manufactured by the Barco Manufacturing Company. This joint was

modified by the addition of a teflon O-ring to provide a static seal compatible

with the vacuum environment.

The rotary joint was rotated at 840 rpm for a minimum of 30 minutes
with an internal pressure of 250 psi and ambient pressures of 200 microns

and 1.6 x 10°% Torr. The major leakage rate was 0.85 gram/hour with an
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observable leakage taking place only at the béginning of vacuum chamber
pumpdown. No leakage or ice formation was observed and visual exanunation
of the dynamic seal showed no deterioration due to ice. This test is
discussed in detail in Appendix B.

2.4.3 Development Tests

Since the rotary seal depends upon a slight coolant leakage for the lubri-
cation of the seal and since there may be periods during the operation of the
lunar drill in which no water or steam will be passed through the rotary joint,
it was anticipated that excessive wear to the seal face might be experienced.
It was felt that this problem might be eliminated by replacing the carbon seal
with a solid lubricant gallium-indium-tungsten diselenide seal. Vacuum tests
similar to those described in paragraph 2.4.2 were carried out on this seal
which was installed in a Type E Barco rotary_joint. The solid lubricant seal
showed excessive wear and it was decided to use the standard graphite seal.

2.4.4 Acceptance Test

The acceptance test showed that the rotary seal appears to be adequate
although the mechanical design of the housing and manufacturing techniques
must be improved.

The seal was subjected to preacceptance testing and acceptance testing
totaling 106 hours of static testing in earth ambients, 26 hours of static
testing under vacuum conditions and 31.5 hours of rotation under vacuum
conditions. The testing was interrupted by instrumentation and test equip-
ment failures and by rotary joint design and manufacturing problems. The
mechanical design problems were isolated to the bearing and seal, rotary
Joint housing interference and seal bellows-rotary joint attachment problems.
The acceptance test data was valid up to 16 YLours of operation at which timc
there was a major loss of coolant due to a combination of the seal bellows
coming loose from the rotary joint housing and high teinperature created by
the clearance rroblems. At the time of the termination of the test, the seal

appeared to be in good condition. Appendix B provides the details of the

rotary joint, 2-27




2.4.5 Development Recommendations -~

In view of the results described above, it is recommended that further
develcpment be undertaken to improve the bellows seal to the rotary housing
and to change the design to provide adequate internil clearances.

If it is proved certain through the bit development studies that bit coolant
is not required, it will be possible to eliminate the rotary joint.
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2.5 DRILL BIT THERMAL CONTROL SYSTEM
zo 5. ! charement T e R

Thermal control of the drill bit was a part of the proposed Westinghouse
lunar drill design concept. The demonstration of feasibility of the proposed
thermal control system was part of the priority requirements for the first
120 days of the contract.

2.5.2 Feasibility Test

Although in the proposal the initial estimate of heat to be dissipated
during the drilling operation was approximately 3kW, analyses carried out
at Westinghouse and by Arthur D, Little,Inc. indicated that the probable
thermal load which would be required to be dissipated from the drill bit
and drill string would be approximately 1 kW. This figure was later
verified by empirical measurements of the power utilized in drilling and
calorimetric measurements of the heat taken out of the bit by a circulating
fluid. Appendix C contains the Arthur D. Little report as well as the
Westinghouse calculations and test information upon which the design of the
bit thermal control system is based.

Consequently, the feacihility tect wac nlanned ta chaw ramaval of 1 W
from a bit blank. The purposc of the feasibility test was two fold. First,
it was to show that a thermal control manifold concept such as that pro-
posed could remove at least 1 kW of heat and, secondly, that the design was
such that vapor lock wculd not occur, The test setup for the feasibility
demonstration is shown in figure 2-13. Heat was applied to the system at
the bit blank and removed through a water-cooled condenser., The feasibility
demonstration showed that 1 kW of heat could be removed satisfactorily
by the use of this system. Appendices D and E discuss the Thermal Control
Subsystem design and the feasibility test.

2.5.3 sttem Design

The drill coolant system for the Westinghouse lunar drill is comprised

of a radiatcr, rotary joint, the other drill string coolant passages, and the
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bit manifold. The system is closed and operates.d: a fashion similar to
conventicnal steam heating.v The drill manifold acts as a boiler. Steam is
forced up the passages to the condenscr where cooling takes place and the
condensation is fed back to the drill bit. A metering and valving system has
been included to control the amount of water in the down-hole component in
the lunar environment and the quantity of coolant lost during drill string
additions.

The systemn has a rotary joint and drill string sections designed to handle
a 3-kW lcad at 390°F. However, after the design of these components was
frozen, it was decided to operate the engincering mwdel at 2127F in order
to give added protection to the drill bit. Consequently, the condenser lines,
etc are designed for a thermal load of 800 watts at 212°F. Even through

the down-hole components are off-optimum for this thermal load and operating

v Zye ek s -

temperatures, sufficient flow of coolant should be dtlxund 1o the drill

bit. Since this system has not been thoroughly tested under dynamic con-
ditions, an external coolant pump has been furnished as part of the systen:,
This external pump will allow the coolant to be forced (hrough the systensin

case of malfunction uf the system as desicned,

2.5.4 Development Recommendations

As indicated later in this section, extensive studies on bit desipn and
cutting removal should be carried out to determine the necessity of providing
a thermal control system for the drill bit, If these tests should ~how that
such a thermal conirol system is necessary, then additional studies
should be made,using the delivered equipment to determine the efficiency
of the system which has been designed and to determine the chanpes which
might be necessary to in.prove its operation. Since the system has not been
thoroughly tested under drilling conditions, the first step should be a lab-
oratory evaluation of the system followed by redesien and iperadine as

necessary,
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Z.A6 DRIVE MECHA@M__.,;;;_._, e =
2.6.1 Drive Mechanism Design

The drive mechanism must perform three primary functions:

® Transmit torque from the motor to the drill string

® Advance and retract the drill string

® Provide power to operate the hoist to raise and lower the inner core

barrel

These thr~+ functions are performed through the integrated gear box and
the hysteresis clutch mechanisms.
2.6.1.1 Gear Box Assembly

The gear bc . assembly provides a neutral position and two forward drill

string rotaticnal speeds of 200 and 1000 rpm from the nominal 6000-rpm

i
G

~ input from the motor. The 1000-rpm rate is used for normal drilling, and the

b R B AS T I e TR

ZOO-rprh rate is provided for emergency high torque operation. The gear
box is designed to deliver 60 foot -pounds under normal operation and 300
foot-pounds at the 200-rpm speed.

The gear case is of SAE 256-76 aluminum construction to conserve weight,
The gears are Al51 9310 vacuum melt steel with a carburized case depth
of .025 - .035 inch. The gear train is lubricated by transfer from solid
lubricant idler gears and the bearings are lubricated by solid lubricant
ball retainers.

Figure 2-14, is a layout drawing of the gear box. Figure 2-15 depicts
the gearbox assembly with the air -cooled motor mounted to it.
2.6.1.2 Hysteresis Clutch Mechanism

The hysteresis clutch is used to drive a 160-to-1 harmonic drive which
moves the drill string in the vertical direction, raises or lowers the inner core
barrel assembly through the hoist mechanism, and provides the core breaking
force to the drill string. Figure 2-16 is a layout drawing of the hysteresis clutch
assembly. It is located in the metal can on top of the gearbox case immediate-

ly behind the left-hand ball screw (see figure 2-8). A manual gear shift lever
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is provided to apply the output of the harmonic drive to the hoist or the ball
screws. Sufficient speed control is provided to permit advance or retraction
rates from 1/4 - 4 inches/minute and hoisting and lowering rates of the
inner core barrel from 0 - 7 1/6 inches/minute.
2.6.1.3 Ball Screws

The steel ball screws are designed to allow a large mechanical advantage
between the hysteresis clutch and the drive mechanism. The ball screw
assembly is basically a conventional design, but the screws are hollow to
conserve weight. The bearing surfaces are lubricated by a molybdenum
disulfide coating and are kept clean by special nylon wipers. A downward
force of 400 pounds for drilling and an upward force of 2000 pounds for core
breaking can be applied, Figure 2-14 shows the ball screws supporting the
gear box assembly,

2.6.2 Solid Lubrication

The analysis of the requirements for the gearbox and other mechanical
parts to operate in a vacuum, the weight restraint, the possible gearbox
oil sealing difficulties, the high motor input speeds, and the possibility
of high gear and bearing temperatures indicated that the best probability
of operational success lay in the use of solid lubricants.

The Westinghouse Research Center, Churchill, Pennsylvania, a fore-
runner in solid lubricant technology, was given a subcontract to modify stand-
ard high quality bearings to accept solid lubricant ball retainers and to provide
solid lubricant gear blanks to be made into idler gears which would lubricate
the gearing through a transfer mechanism.

The experience with solid lubricant bearings has been extensive in
laboratory applications. Experience had shown that bearing lives in excess
of 300 hours, at 10,500 rpm and under loads similar to those expected in the
gearbox, can be achieved. Vacuum operation appeared to have little effect
on bearing life. However, extrapolating laboratory experience to a gear

box environment was considered to have some risk.
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The experience with solid lubricant idler gears was not as extensive,
and this experience was attained with relatively slower operational speeds,
different gear designs, and loads.

A development testing program was recommended by the supplier, but
due to funding and schedule restraints it was decided to proceed with the
bearing and gear lubricating designs based upon the available experience.

Solid lubricated bearings are noisier during operation than oil or grease
lubricated units. The absence of the fluid cushion film and the greater
clearances required to accommodate the thicker solid films and wear debris
are the reasons for the noisy operation. It is irnportant that the solid
lubricated bearings have a degree of preload to insure that all of the balls
are loaded continuously and are not free to chatter and skid.

The preload
for each bearing must be determined on the basis of its operating conditions.
Thermal expansion of the solid lubricanti bia;mg design becomes a
problein only if the frictional heat raises the bearing temperatures to a point
where the clearances are lost. The amount of frictional heat generated will
differ from bearing to bearing depending 1pon the loads, speed, and the
availability of a hcat sink. The clearances provided were expected to be

adequate up to 600°F.

‘i'he loading of the idle1 jear has been determined to be:

L = Wx\/4 S

DPx C

where:

C = Constant = , 04

DP = Diametrical pitch of the idler gun

L = Applied load of the idler gear in pounds

W = Width of idler gear in inches (contact width)

S = —Zgin inches x rpm (PD = pitch diameter)

Since the method by which solid lubricants function is that of sacrificial

wear, there is a chance always of a buildup of wear debric, For the major
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part, the material worn in one spot will recoat at another location but some
will end up as a loose powder., In laboratory tests at 10,500-rpm speeds,
100-pound axial and thrust loads, 1 to 2 grams of powder may be collected
after 100 hours of operation. If the debris does not leave the bearing but
lays in the ball path, it will cause a roughness which will cause excessive
mechanical shock and shorten the retainer life. The amount of wear debris
which would cause failure in 200 hours of operation, the goal for the gear box
bearing design, is a function of the bearing size, clearance and loading.
Interface difficulties and manufacturing tolerance buildups resulted in
low preloading of the bearings.

Several bearings were damaged due to improper handling during installation

and disassem s secondary failures resulting from contam-

ination by metal chips from external sources._

The solid lubricant idler gears which opuated at the hxgher gear box
speceds failed repeatedly while those operating at or below 1000 rpm operated
ax designed. The failures of the high speced idler may be attributed partly
to the material, the loading, their type of mounting and the generous
clecarance of the gearing at normal ambients. The clearances were the results
of allowing for the linear expansion ot the pears over the design range of
-40° to 165°F and the compensation tor the differences in the coefficient of
lincar expansion between the steel gears and the aluminum gearbox over
that range.

Figure 2-17 shows the condition of a high speed idler after the 15-minute
run of the gearbox in a vacuum of 10-‘5 Torr. The bearing failure is a
sccondary failure.

The high speed idlers were not replaced in the assembled drill system on
the separate gear box. The high speed gears in the assembly system were
lubricated periodically with Apiezon H grease containing zinc oxide and

1m.olybdenum disulfide in propurtions by volume of §-3-1 respectively.
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Westinghouse Central Research has evolved a design of a new idler gear
and mount consisting of a porous ployamide gear which permits a low vapor
pressure oil to be bled from a central oil reservoir. This design was not
manufacture d due to funding and schedule restraints.

The mechanical parts lubricated with a form of solid lubricant are:

Gearbox and Hysteresis Clutch

1 - Gears - phosphated and electrofilmed (molybdenum disulphide)

2 - Idler Gears (6) - silver - mercury - teflon composite

3 - Bearings (41) - gallium indium - tungsten diselinide composite

4 - Bearings (2) - gold plated

5 - Splines - phosphated and electrofilmed

6 - Harmonic Drive

a. Wave generator - gold plate over inolybdenum disulphide
b. Wave generator bearing - Apiezon H grease and 20% by weight of
molybdenum disulphide

7 - Screws - phosphated and electrofilmed

8 - Screw wipers - nylon

9 - Bushings - silver - mercury - teflon composite

2.6.3 Operational Experience

Approximately 35 hour=s of operation have been a«c umulated on the boex.
During this time, the major failures ha-e been idler gear and bearing failures.
In general, the bearings have operated satisfactorily despite low preload.

No gearbox failures have occurred in the conventional gearing, although one
jack shaft cont .ning an integral gear was replaced due to slightly undersize
splines causing »>bble in a gear with the mating splines, The hysteresis
clutch has exhibited no failures.

2.6.4 Development Recommendations

The basic design of the gearbox appears to be sound. Some development
shouvld be undertaken to arrive at a design which ca. function as required

under the full range of lunar ambient temperatures.




The use of solid lubricant bearings and gears should be reviewed and tested
further. Studies of the possibilities of a sealed gear box and of either low
vapor pressure or replaceable lubricants usage should be made.

The hysteresis clutch should be modified to include an angular velocity
sensor which is driven by the harmonic drive input shaft. The present sensor
used for feed rate control is a dc tachometer driven through a stepup gear
train tied to a ball screw nut, Since the ball screw nut turns at 1,25 rpm
for a 1/4-inch/minute fced rate and at a maximum speed of 20 rpm for a

4-inch/minute feed rate, a large stepup ratio is required.
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2.7 MOTOR . = s e L . @ e AT T T i
2.7.1 Motor Desxgn o - T o ' ' |

The motor design selected for the Westinghouse lunar drill system is a
100-volt dc motor capable of delivering 60 inch-pounds at the normal operating |
shaft speed of 6000 rpm. The motor is sealed for vacuum operation. The
motor is pressurized to 50 psi with nitrogen and fluid-cooled with U-CON
(polyalkaline glycol) oil. Pressurization is necessary to reduce cavitation
conditions at the coolant pump which is located at the base of the motor case.

Heat is removed from the motor armature in two ways. The pressurized
gas carries some heat to thenJotor case by convection. The coolant flows
thirough coolant tubes, which are wound around the case to remove this heat
and the stator heat and carry it to the radiator. The majority of the heat is

removed by the circulation of the coolant fluid through the motor usclf The

coolant enters the top of the motor and is purﬁped throﬁhc hollow rotor
shaft to a sump at the base of the motor case. The pump, located in bottom
of the sump, was a simple impeller designed to force the coolant out of the |
sump, through the radiator and back to the motor. Figure 2-18 is a sketch
of the motor cro=s section and figure 2-19 is an end view of the & ssembled
mcetor.

2.7.2 Operational Expc rience

A limited amount of operational data has been gathered or the mctor.
However, during this time, 2 number of problem areas ! ve arisen. Because
of compromises which were made in the design in ord ~duce weight and
size, commutator length and brush area are smaller th. vould normally pe
expected for a motor of this power rating. This, combined with the apparent
deleterious effect of the U-CON, has resulted in unusual mechanical wear on
the commutator. It is estimated that the maximum operationai life of the
motor is 8 to 10 hours before refurbishing of the commutator will be necessary.
In addition to contributing to the commutator and brush problem, there is
evidence that the U-CQON may attack other materials internzl to 'he motor.

However, this latter possibility has not been definitely confirmed. ‘
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Figure 2-19. Sealed Motor; End View

The 1impeller which was to be used to force the v:i through the system has
not been satisfactory Gas bubbles occurring in the coolant system bind the
impeller which reduces the total amount of coolant circulated. While it was
fclt that the design of the impeller was tnhe problem, repcated attempts to
improve the design were unsuccessful. In the motors, delivered as a part
of the contract, the impellers have beer removed and an external coolant
pump has been provided to ensure the proper flow of U-CON through the¢ motor.

Because of the low reliability of this motor, a conventional coinmercial
motor has been furnished for drill test purpuses. Figure 2-15 shows this
motor mounted to the gear box.

2.7.3 Development Recommendations

It is recommended that the concept of a liquid-cooled motor be reviewed
in the continuing development program. Difficulties experienced with the
liquid- cooled motor plus a cursory review have indicated that a gas-cooled

motor might be more satisfactory without a prohibitive weight penalty. The




problems of operating with a liquid coolant in a lunar environment indicate
that a slight weight penalty might be preferable. It is further recommended
that any additional weight penalty be accepted to modify the present commu-
tator and brush Jesign since the excessive wear with the present design is
clearly unacceptable for lunar operation.
2.8 MOTOR THERMAL CONTROL

As discussed in paragraph 2.7, a circulating oil coolant fluid was selected
as the motor thermal control method. This selection was made after a study
and comparison of a number of potential usable systems. Table 2-2 shows
the systems considered and the comparison of various pertinent parameters.
As shown in table 2-2, the oil coolant system provided a considerable weight
advantage. As indicated in paragraph 2.7, «xpericnce with
been unsatisfactory and it is recommended that the gas system be investigated
for future development in the continuing program.
2.9 FRAME
2.9.1 Frame Design

The lunar drill frame hes been designed w0 provide maximum rigidity and
adequate load bearing capability within the confines of the overall drill weight
limitations. Figures 1-1 and 1-2 show the frame in an erected condition.

The frame provides for four-point mounting to the side of the LEM. The
mounting brackets use quick disconrncct pins, When disconnected, the frame
folds into a compact package for easy storag« and transportation as shown in
figure 2-20. The supporting members of the frame are rrec’e of 1.5-inch
<luminum rods of 6061-T6 alloy and are designed to withstand 400-pound
downward thrust on the drill and 4000- pound upward force. Bushings through

the upper platform provide lateral support for the hoist pulley support frame.

tv
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The hoist pulley support frame is used to provide the height necessary to
retract the inner core barrel from the annulus of the drill string. The wire-
line passes over the pulley at the top of the hoist down to the winch. As
explained in paragraph 2.6, the winch is operated from the hysteresis clutch
which is part of the drive mechanism. The upper and lower platform, hoist,
and winch are made of 356- T6 alloy aluminum.

The ball screws are of special lightweight construction to minimize the
overall system weight. The screw threads are ground on hollow steel tubes
of SAE 8620 alloy. The ball nuts are part of the drive mechanism assembly
shown in figure 2-15. Thrust and core breaking force is applied to the drill
string through the ball screws.

The upper and lower platforms serve as attachment points for the support-
ing frame and as mounts for the ball screws which support the drilling
mechanisin. A steadying collar is attached to '.hc. top of the lower platform
to prevent the core barrel from wandering or vibrating excessively when
collaring & new hole. A foot clamp is attached to the bottom of the lower
platform. The function of the foot clamp is to prevent the drill string from
dropping down the hole while lengths of drill string are being detached during
drill string retrieval.

2.9.2 Operational Experience

Laboratory experience with the drill frame, in general, has peen satis-
factory. Measurements have indicated that the rigidity of the system is
consistent with good drilling practice. No problems of excess distortion or
vibration have arisen,

Two additional braces were fastened or the bottom platform to give
additional stability during early drilling tests. These braces were used for
precautionary reasons only and may or may n<t be necessary under opera-

tioral conditions.
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2.9.3 Development Recommendations

Since the design of the frame shows itself to be basically sound, no
development program is recommended at this time.

Further testing is also necessary to dcter.nine the stability of the system
using only the four-point suspension as originally designed. If the present
design proves inadequate, then a change in the design wili be necessary if it
is desired to retain the four-point suspension concept or two additional
suspension points can be added to give a six-point suspension system. The
latter approach will necessitate reevaluating the interface between the drill
and AES mounting surface,

2.10 INSTRUMENTATION AND CONTROLS

2.10.1 Instrumentation and Control System Design

The purpose of the instrumentation and control system is to sense the
critical drill paraineters and to provide the automatxc and manu"al controls
necessary to operate and protect the drill system. Figure 2-21 is a simplified
schematic showing the instrumentation which is furnished for this purpose.
Figure 2-22 shows both the on-site and the remote control units. The on-site
control box contains the logic circuitry necessary to control and protect the
drill. The remote control is connected to the on-site control by a 100-foot
cable. Either control can be used to control the drill system operation.

The functions which can be controlled and/or monitored arec shown on the

face of the control. Bit temperature, torque, and thrust can be read
quantitatively from the meters shown at the top of the panel. The desired
values - i.e., values set by the operator for feed mode, feed rate, and

thrust - are shown in the second row of instruments down from the top.

These settings are controlled by a special keyed control handle from the three
lower center controls labeled MODE, RATE, and THRUST. The feed mode
controls of DOWN and UP indicate the direction in which the drill string is
being driven. REAM OFF indicates no travel of the drill string in either the
up or down position. Rotatio:n in the ream mode (200 rpm) is possible in this

/_’1
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pos:txon. The back ream

while the drill strmg is bemgr retracted ”Th-e feed rate is ;alibiatt-d in inches
per minute and thrust is calibrated in hundreds of pounds.

The 10 lamps shown in the center of the panel are rmalfunction indications
with the exception of the MAN lamp which indicates manual rather than auto-
matic operation. In automatic operation,the activation of any one of these
warning lights will cause the automatic shutdown procedure to be activated.
This procedure consists of stop;ing the feed, a 10-sccond delay {0 allow the
hole to be reamed, then a shutdown of the motor. If the MOTOR AMPS or
MOTOR TEMP lights are activated, the 10-second delay is eliminated. A
brief discussion of each anticipated malfunction signal is given below.

a. The MOTOR AMPS signal originates in the motor starter and

indicates a riotor over-current cor dition.
e e ESNE
b. The MO1OR TEMP signal ong,mates from th« rmally activated

switches in the 100-volt motor and indicates excessive temperature in this

unit.

c. TOR@U:. ir determined from the motor current and the motor
characteristics. liis is a pear box protection rather than @ motur protection
signal.

d. BIT TEMP i1 s nsed by a thermistor in contact with tho bit mistrix,
This signal is transmatted by wire up the drill string to the rotery joint
where a rotary transformer is utilized to pass the signal to the control box.
It will cause shutdown at 400°F.

e. VIBR gives an indication of excessive drill vibratiorns. The sensor
is an accclerometer mounted on the surface upon which the drili is mounted.
It is primarily a mounting surface rather than a arill protection device.

f. The PULL CORE signal is activated by a combination of thrust of
200 pounds or more and a feed rate of 1/4 in/minute or less. This indicates
that the core barrel is full, a '"core block' has occurred, the drill string has

fractured, or that a bit has failed. These signals come from the feecd rate
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sensor, which is a dc tachometer geared to a ball screw nut and from the
thrust sensors which are strain gauges mounted on the upper arms of the
drill frame.

g- The AXIAL LIMIT signal indicates that the gear box has reached
its upper or lower limit of travel on the ball screws. These signals come
from magnetic switches mounted on the upper platform of the drill frame.

h. OVER THRUST indicates that the thrust level is in excess of 400
pounds. This signal comes from the thrust sensors referred to in f above.

i. UNDER THRUST indicates a thrust of less than 50 pounds. This
signal comes from the thrust sensors referred 1o in f above.

The upper switch on the right side of the on-site panel permits control of
the drill to be switched to either the on-site or remeote panel, and the lower
switch controls the mcior. The top s itch on the left allows selection of
automatic or manual control of the drill. The center switch on the left is a
iamp test switch and the lowest switch locks out the remote control panel.
This obviates the possibility of injury to personnel at the drill site b. some-
one inadvertently activating the drill from the remote panel. The remote
panel does not have this latter switch.

The gear shift sensors shown in figure 2-21 provide signals to the logic
circuitry which provide lockouts so that it is impossible to rotat: the drill
when the gearbox is in the hoist position and to prevent down feed when in
the low speed (200 rpin) gear.

2.10.2 Operational Experience

The operational experience which has been accumulated with the drill
instrimentation and control system has been very satisfactory. In general,
the controls are sensitive and allow the degree of protection necessary for
remote operation. One exception to this gencral evaluation is the PULL
CORE indication. It will be recalled that this light comes on and drilling is
stopped when the thrust is over 200 pounds and the f{ccd rate is less than

1/4 inch per minute. Experience has established that during drilling the

o
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feed rate apparently fluctuates markedly as the'drill bit hits hard spots, as
the drill frame flexes or from other undetermined reasons. Although these
fluctuations are normally of short duration (fractions of a second) they are
sufficient to indicate to the control system that a core block has occurred and
the drilling is automatically stopped. This portion of the circuitry has been
disabled in order to allow testing to proceed. A delay of a few tenths of a
second should be built into the system to prevent these short duration varia-
tions in the feed rate from stopping the drill.

2.10.3 Development Recommendations

Although the presently designed instrumentation and control system is
satisfactory and has worked essentially as desiguned, it is far from the ultimate
for an automatic control system. Becausc¢ of the premium placed on astroraut
time on the lunar surface, a high degree of automaticity shonld be built into
the drill. However, because of weight and reliability considerations, the
feasibility of a completely automated system is cpen to question. It is
suggested tnat a study be conducted to dctermine the cegree of automaticity
desirable and {casible under lunar operating conditions and that the control
and protection system be redesigned in compliance with the study recoms-
mendations.

2.11 DRILL OPERATION

An Operations Manual describing the method of assembly and operation

of the engineering model of the lunar drill is provided as & scparate docu-

ment.
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2,12 HUMAN FACTORS ENGINEERING
2.12.1 Human Factors Design_

Westinghouse is keenly aware of the drill/astronaut interface that must
be considered in the design of any space equipment. As a result, this was
a consideration in the design of the present drill and a considerable amount
of task analysis was accomplished in the course of the contract. The analyses
which were carried out must be considered as extremely tentative in view of
the dearth of definitive information available on the drill support and transport
structures and the fact that many changes will be made in the present drill
concept. A comparison of table 12,2, 10th Monthly Report with table 10. 1
of the Operating Instructions Manual indicates that some drilling procedures
have been changed in line with design and drilling concept changes. For
these reasons, the emphasis during the development phase has been on the
solution of basic engineering problems rather than human factors design
effort.

2.12.2 Development Recommendations

It is obvious that the present design of the lunar drill relies too strongly
on astronaut participation, The weight limitation imposed by the contract
forced the development in the direction of providing automation for those
things that the astronaut clearly could not do and requiring many manual
operations to stay within the weight allocation,

Experience with the engineering rarodel, has indicated that basic engineering
improvements must be made in the systems, Since the tradeoff values of
astronaut time vs weight may change as more space experience is gained,
it is suggested that any engineering improvements be made with the goal
of complete automation in mind, but that emphasis be placed on solving the
engineering problems in Phase II, and making final tradeoffs in the Phase
III Program.,

Such an apprecach will provide a basis for the design of a more automatic,

1f not fully automatic, system, which should require astronaut attention only
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in case of malfunction or other unusual conditions. If the problems of weight
allocation can be relieved, such a system can be produced.
2.13 ACCEPTANCE TESTS

In accordance with agreements between Westinghouse and Contracting
Officer's Representative, the acceptance test requirements of the contract
would be considered satisfied if the following conditions were met:

a. Prime Mover Demonstration:

The prime mover subassembly to consist primarily of the motor and
gear box with a dummy load generator coupled into the subassembly shall be
demonstrated to be operational in a high vacuum environment. A prime
mover radiator/convector unit shall be used (outside the vacuum chamber)
to remove the heat generated. The motor/gearbox unit shall have a suitable
connector (mechanically simulating a portion of a drill string section) between
its chuck and the dummy load generator, This setup shall be mounted in the
high vacuum chamber. During the demonstration, records shali be kept of
chamber pressure: chamber temperature, motor input voltage, current, and
power; critical spot temperatures for the entire prime mover; output rpm
and torque, control functions; and the limiting and control functions. The
prime mover subassembly as described shall be operated throughout a range
of its functions in a cycling manner for an accumulated period of 8 hours,
during which the vacuum chamber shall be maintained at it lowest possible
pressure, The chamber temperature shall be ambient. The cycling manner
mentioned above shall be through alternate operational intervals of 30 minutes
and shutdown intervals of 15 minutes for the entire demonstration period,
Throughout the demonstration, the amount of heat being removed by the prime
mover radiator/convector shall be determined and recorded for reference

during the field tests,




b. Rotary Seal Demonstration:

The rotary seal unit shall be set up and demonstrated according to the
procedure statements of Progress Report Number 4, Section 3, and the
modifying statements on procedures of Progress Report Number 8, Section
4.

c. Demonstration of - Coolant Tubes for Proof Pressure

- Drill String Couplings for Leak Check

Portions of reasonable length from two sections of drill string shall be
coupled together with a standard coupling. Simultaneously (or separately if
need be) each coolant tube shall be pressurized to 45 psia for an interval of
30 minutes minimum length. This demonstration is designed to both proof-
pressure-check the coolant tubes and to leak-check the joint formed by the
coupling. A standard helium sniffer leak detector shall be used,

d. Demonstration of Auger Flights Efficiency:

At E.J. Longyear, the demonstration of auger flight chip removal from a
15-foot section of clear plastic tubing to a simulated chip basket shall be set
up as an acceptance demonstration of the auger flights' efficency. The
denionstration procedure may follow that used for the earlier 9-foot test,

e. Postdemonstration Procedure

Following the above described demonstrations, any units that are also
involved here may be lismantled and inspected for evidence of weak and/or
damage. Minor adjustments and repairs will be permissible, After reas-
sembly (providing any breaking down is necessary), the cntire drilling sub-
assembly shall be prepared for and used in drilling and coring a 5-foot
minimum thickness of basalt (your choice). A record shall be kept of total
actual drilling time plus those parameters appropriate from der;monstration
a. Drill bit, auger flights, core barrel, and chip basket functioning effi-
ciencies shall be observed and recorded. The final physical condition of all

parts shall be observed and recorded,
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Time and funds have not allowed all of these conditions to be fully met,
As indicated in previous sections of the report, component and subsystem
failures during the testing period have not allowed realistic systems tests
to be performed in all cases.

2.13,1 Prime Mover Demonstration

A test was set up and a preliminary run was made in the range 10-10 Torr
vacuum chamber purchased by Westinghouse primarily for this test. The
test was terminated within 15 minutes after the failure of the lubricating
gears in the gearbox and the test load. This test was not completed since
spare parts were not quickly available., It was questicnable whether the drill
motor would have survived the test since the maximum time accumulated on
any motor has been 9.1 hours before failure.

Since the gearbox must have additional work drne on the lubrication con-
cept before it can be considered satisfactory , there was little expectation of
its running 8 continuous hours without a failure of the dry lubricant idler
gears,

2.13.2 Rotary Seal Demonstration

Westinghouse has completed this test and it is reported in paragraph

2.4 of this report,

2.13.3 Demonstration of Coolant Tubes for Proof Pressure Drill String

Couplings for LLeak Check

This test has been completed on all sections of drill string using the
following tests procedure,

The drill rod was inserted in the master gage at the lower end and the
chuck at the upper rod. O-rings were placed on the water and steam tubes
as they would be in the finished rods. A special fitting was employed to
apply pressure to the chuck water and steam passages, Both 40 pounds of
water pressure and 40 pounds of air pressure were applied to determine
passape integrity. A gaging system was used to determine any pressure
drops due to leaks, No appreciable stay time was utilized, These tests

q
|
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were made on single rods and the combination of two rods with a simulated
coupling.
The helium snifter technique was not employed.

2.13.4 Demonstration of Auger Flights Efficiency

This test has been partially successful, chips have been raised in a
plastic tube for a height of 9 feet with partial success in depositing them in
a chip basket, The late completion and poor quality of the 15-foot core
barrel assembly did not allow the 15-foot tests to be run.

2.13,5 Drilling of Five-Foot Hole In Basalt

Because of difficulties in obtaining suitable core barrels and drill bits,
this test has not been satisfactoriiy accomplished. Bit life times of over
10 feet have been demonstrated; chip removal to 9 feet has been shown to be
feasible, but because of equipment delivery problems the quality of the core
barrels and the water seal problums, the combination of drilling and chip
removal to a depth of 5 feet in basalt has not been demonstrated,
2.14 LUNAR DRILL POWTSR REQUIREMENTS

One of the contractual requirements was an analysis of the power re-
quirements for the lunar drill. This report was submitted as a part o/ the
11th monthly report,
2.15 LUNAR DRILL SYSTEM WEIGHT

2.15,1 Centract Restraint

The contract imposed a drill weight restraint of 200 pounds for the drill
system excluding the power supply.

2.15.2 Delivered Lunar Drill System and Component Weights

The weights of the engineering model drill system and components are
listed in table 2-3.

2.15,3 Weight Growth

The drill system growth from the proposal estimate to the predesign

estimate to the final weights varied from 198-240-460 pounds respectively.
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2.15.3,1 Proposal Estimate

The proposal estimate included the use of Lockalloy, a 62-percent beryl-
lium and 32-percent aluminium alloy, as a major construction material.
Properly employed this alloy would have reduced the present weights of the
frame and drill string components 30 to 50 pounds., The use of Lockalloy had
to be abandoned due to the intolerable delivery schedules and cost, The
thermal control system for the motor (72 pounds) and the motor starter and
interconnecting catles (31 pounds) were not included. The estimated weights
for the other components were 10 to 20 percent under the achieved weights,
2.15.3.2 Predesign Estimates

Predesign estimates did not include the external motor coolant pump,
several gearbox auxiliaries, miscellaneous items totaling 128 pounds and
underestimated the drill string components by approximately 70 pounds. The
latter differential was in the weights of drill rads and core barrel assemblies,
The other items were within 2 to 5 percent of the achieved wecights,

2.15.4 Future Weight Reduction

The use of optimum construction materials, such as Lockalloy and
titanium alloys, the elimination of th¢ external motor coolart pump, the
reduction of weight of overdesigned compcnents, and the possible deletion of
components, such as the bit coolant system, found dispensable during the
evaluation testing period shnuld result in an appreciable weight reduction
which would be within range of the objective, This potential weight reduction
would be counteracted to a degree as the result of the possible motor develop-

ment and automation studies weight penalties,
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TABLE 2-3

WEIGHTS
Lunar Drill System consisting of:
Drill Frame Assembly
1 = drill frame including instrumentation 43 1b
2 - ball screws 15 1b 3 0z each 301b 6 oz
1 - foot clamp 21b 6 oz
2 - drill frame braces 11b 9 0z each 31b2 oz
1 = lower platform bushing 11b 2 oz
80 1b
Gear Box Assembly
1 - gearbox including hoist and feed rate sensor 48 1b 12 oz
1 - overshot - rotary joint holder 2.50z
1 - swivel joint antirotational device 1 oz
1 - chip basket clamp 6 oz
1 - overshot and cable assembly 11b 12,5 oz
511b 2 oz
Drive Motor Assembly
1 - AED Sealed Motor - 100 Vdc 34 1b 6 or
1 - AED Motor Coolant Pump Assembly 62 1b 14 oz
or
1 - AMF Motor - 28 Vdc includiny adapter 271b 14 oz
1 - motor coolant radiator 41b 8 oz
4 - radiator fittings l oz
3 - flexline hoses 41b 14 oz
AED Motor - 106 1b 11 oz
AMF Motor - 271b 1"’ oz
Controls and Cables
1 - on-site control and protection unit 71b 12.5 oz
1 - remote control 31b 8 oz
1 - interconnecting cable (on-site - remote control) 61b 14 cz
1 -« 100 Vdc starter 131b 13 oz
or
1 - 28 Vdc starter 311b
1 - signal conditioner 81b 11.5 oz
1 - set interconnecting cables 171b 2 oz
1 - 28 Vdc starter - motor catbles 201b 7 oz
w/100V starter 571b 13 oz
w/28V starter 781lb 5 oz
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TABLE 2-3 Continued

Drill String Assembly

swivel joint assembly

= chuck
=~ chuck=core barrel adapter
20 - drill rods 2 1b 13 oz each

- upper outer core barrel assembly
- middle outer core barrel assembly
- lower outer core barrel assembly
- upper chip basket

- lower chip basket

inner core barrel assembly

- kit

- bit cooling assembly consisting of:
- bit coolant radiator

- valve assembly

- flexline water hose

- flexline steam hose

- air eliminator

- flexline hose fittings

- casing sections 1 1b 14 oz each
- casing bit

bt W fh et b b b bt b bt b b b bt bt bt ) b e b
]

Miscellaneous

1 - fishing tool

2 - Parmalee wrenches 21b 10 oz each
1 - assorted hardware

3 - pints of H O

1950 ml of U-CON

System weight using AED motor -

System weight using AMF motor -
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Approx,

3l1b2 oz
21b 2.5 oz

10,5 oz
561b 4 oz
111b 13 oz
111b 13 oz
121b 4.5 oz
31b5s oz
21b 13 oz
51b 13 oz

8.5 oz
191b 8 oz
41b 12 oz

10 oz
31b1 oz

8 oz

1 oz
71b 8 oz
11'1b 14 oz

148 1b 7 oz

13 oz
51b 4 oz
31lb
31b 2 oz
41b 4 oz
16 I1b 7 oz

460 1b 8 oz

402 1b 3 oz



3. RECOMMENDATIONS

The foregoing text has reported on the work that has been accomplished on
the lunar drill during the past year. It is obvious that if a working drill is to
be developed during the next few years, effort must be initiated soon in a num-
ber of critical areas. In the opinion of Westinghovase, the areas demand im-
mediate vigorous effort are the following:

® Diamond bit development

® Chip removal development

® Gear box development

e Drill string coupling development

e Drill motor study |

® Automation techniques

The followiny paragraphs discuss cach of these subjects in sonic detalc and
describe the scope ot work which should be carried out in each areca. Specatic,
detailed developnient programs are not presented herein. This intormatien
can be furnished as de-:red under separate cover.

3.1 DIAMOND BIT DEV-LOPMENT

3.1.1 Research Program

3.1.1. 1 Objective

The objective of the research program is to determine basic information
concerning diamond characteristics which are germane to the diarnond drilling
problem and to develop a background of theoretical and experiniental informa- -
tion which can be drawn upor during the bit deveiopment effort.

Characteristics to be examineu from both theoretical and experimental

approaches would include:



1
|
|
!
i

e Diamond cutting mechanisms.
¢ Diamond wear mechanisms.
e Diamond wear rates under a variety of conditions.

¢ Diamond temperatures under various conditons and effects of various
ambient temperatures on other characteristics.

e Effect of various mechanical loads.

e Effect of orientaticn.

e Effect of size.

o Effect of shape.

e Effect of crystal structure.

e Effect of crystal flaws.
3.1.1.2 Approach

The research program should be irnitiated with a comprehensive literature
survey. Visits should be made to the Bureau of Mines in Washington and
Minneapolis to coordinate the Westinghouse program with that of Dr. Long
in Washington and Mr. Paone in Minneapolis. If necessary, visits to South
Africa and Great Britain should be made to obtain unpublished information
developed by the rescarches sponsored by the Diamond Syndicate. The state
of knowledge of diamond characteristics in various environmen.s should be
deterrmined and this knowledge used as a basis for ¢+ ension of theoretica!
studies or <xtrapolation of empirical dat: which can be used as a basis for
experimental investigations.

The behavior of diamonds in vacuums of 10 to should be a goal of this
program, however, some attention should be given o the probability of diamonds
actually operating in this environment while drilling on the moon. The con-
sideration here being the possibility of lunar materials outgassing at drilling
temperatures.

The experimental research program should be initiated using single diamonds
of high commercial quality. These diamonds should be essentially free of

flaws and sufficient numbers of "identical™ stones -huuld be initially selecied
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for the projected experiments to minimize problems arising from variations
in individual diamonds, unless the effect of such variations is to be the subject
of the experiments.

Experiments should be devised to examine the diamond characteristics
listed in paragraph 3.1.1.1 as well as other parameters whicl. may prove
important as a result of the theoretical or experimental program.

Experiment observation techniques should be developed to permit a maxi-
mum of first hand observation and a minimum of deduction and extrapolation.

The experimental research program should be closely coordinated with the
bit development program to ensure that the data developed during the research
phase is of maximum usefulness duvring the development program.

3.1.2 Bit Development Program
3.1.2. 1 Objective

Th: objective of the diamond bit development program is to develop a
diamond coring bit capable of drilling through at least 100 feet of basalt or
granite.
3.1.2.2 Approach

The bit development program would draw heavily on the information that
has been developed during the past year under NASA Contract NAS 8-20547
as well as on the results of the research program described in paragraph
3.1. 1.

Bit configurations should be designed to take maximum advantage of the
desirable characteristics of the various crystal structures and to minimize
the influence of undesirable characteristics. Various arrangements of the
diamonds in the bit should be tested to find the optimum combination of cutting
ability and chip removal. This development effort would be parallel to chip
removal effort described in paragraph 3. 2.

Under carefully controlled and monitored conditions, a number of variables

shoula be studied:



Effect of loading

Effect of diamond orientation
Effect of bit cooling

Effect of size and shape

Effect of orientation

Effect of crystal structure and crystal flaws.
As a part of the developmental program methods of measurement and ob-
servation should be developed to obtain a maximum of information from the

development program. For example, the following parameters should be

monitored:

® Thrust

e Torque

® Temperature at various places in the bit

® Temperature at various places in the rock

e Chip temperature

® Bit deterioration (periodic)

® Penetration and penetration rate.

In addition to the above, attempts would be made to devise methods of
measuring the actual temperature of representative diamonds during the drill-
ing process. Photographic techniques should be studied to devise a method
of studying the chip removal action at the bit face during the cutting process.
This development program would result in optimum configurations of diamond
bits for dry drilling applications.

3.1.3 Bit Manufacturing Program
3.1.3.1 Objective

The objective of the bit manufacturing program would be to develop one or
more suppliers to the point that they are capable of delivering high quality
diamond bits to a rigid specification. Such a capability is necessary for the

test program as well as for the follow-on production phases of the drill pro-

gram.

3-4




3.1.3.2 Approach

During the bit development program, it would be necessary to utilize the
services of commercial bit manufacturers to fabricate set diamond bits. These
would be bits utilizing a tungsten carbide matri;c in which the individual dia-
monds are set. In accordance with the results of the research program and
the experience already gained on the existing contract, specifications would
be drawn up for the manufacture of experimental bits. These specifications
would carefully delineate bit sizes, tolerances, protrusion of all diamonds,
and the allowable tolerances.

It would be necessary to work closely with the supplier to determine the
tolerance that can be held with present bit fabrication methods, and if neces-
sary assist the supplier in devising new methods of fabrication and quality
control to meet the requirements of the specification. A comprehensive test
program would be necessary to determine the tolerances that will be allowable
in various areas of the bit in order to determine the degree of quality control
that will be necessary.

This program would be closely coordinated with the bit development program
described in the preceding paragraphs.

3.2 CHIP REMOVAL STUDY AND DEVELOPMENT PROGRAM
3.2.1 General

ClLip removal has been found to be an extremely important factor in the
accomplishment of successiul dry drilling. it is necessary that the chips be
promptly removed from the hole not only to avoid mechanical binding by the
chips themselves but to remove the heat which is contained in the chips. Ex-
perience has shown that if the chips do not move quickly up the hole, high
temperature in the region of the lower core barrel results in expansion of the
drill which in turn aggravates the situation by causing friction against the side
of the hole. This situation escalates over a period of a few seconds until th-
drill expands to the point that it grabs the side of the hole. The problem of

chip removal is two-fold: it is partly a matter of bit de>iyn to move the chips
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to the outside of the hole and partly a matter of the design of « mechanism to
lift the chips out of the hole.
3.2.2 Objective

The objective of the chip removal program is to devise a system which is
capable of removing chips expeditiously from the immediate region of the bit,
transporting the chips up the core barrel, and depositing them in a chip
basket.

As discussed in the previous section, the moving of the chips to the outside
of the hole where they may be picked up by an auger flight is a problem of bit
design and will be covered under the bit development program.

3.2.3 Approach

A theoretical and experimental program should be established on a parallel
basis to study the problem of chip removal. The theoretical program would
establish an understanding of the mechanism involved and the expcerimental
program would serve to verify theoretical conclusions and Lrovide additiona!
inputs to theory.
3.2.3.1 Theoretical Program

It is necessary to develop a mathematical model which will describe the
motion of the chips from the time they clear the bit face to the time that
they are deposited into the chip basket. This model should consider and allow
the variation of such parameters as:

e Gravity

e Mass

(] Par;icle size

e Density of the ambient gas

® Drill penetration angle

e Auger flight angle

e JUrill rotation speed

o Clearance between the hole and the auger flight

® Auger flight width
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The model should then be used to optimize the system design features to
optimize the chip removal capability of the drill.

One additional problem that must be theoretically investigated is that of
placing the chips in the chip basket. Since the centrifugal force and the lift
furnished by the auger flights gives a resultant velocity vector which is upward
and outward, it is necessary to reverse the direction of this vector to turn
the chips in toward the center of the core barrel and allow them to fall to the
bottom of the chip basket. Under lunar gravity conditions some jamming of
chips at the chip basket opening may occur, and unaer any conditions proper
reversal of the velocity due to centrifugal force may be difficult. The theoreti-
cal study should recommend techniques for accomplishing this design.
3.2.3.2 Experimental Program

The experimental program for the developmeont of chip removal techniques
would be closely coordinated with the bit development program, since the de-
sign of the bit face and proper operation of the bit is intimately associated
with the ability to remove chips.

Experimental techniques should be devised to:

e Lift chips 15 feet and deposit them in a chip basket

® Monitor the movement of the chips by visual or other means

e Evaluate the efficiency of the system to deposit chips in a chip basket

e Verify the results of the theoretica. program with regard to variations
in drill system parameters

® Provide means of visually monitoring and photographically recording
the performance of the chip removal system.

While it is highly desirable to develop a chip removal system that will
permit a drill to be designed for operation without coolant, alternate designs
should be considered which would incorporate a cooling system. As in other
design considerations, the design of the bit should be closely coordinated with

the chip removal systern design.




3.3 GEAR BOX DEVELOPMENT PROGRAM
3.3.1 Objective

The objective of the gear box development program is to ensure the produc-
tion of a gear box that will operate for extended periods of time in a vacuum
of 10° 10 Torr and under temperature variations ranging from -250°F to +250°F.
3.3.2 General

The gear box delivered with the engineering model of the drill has not been
subjected to the low vacuum or extreme temperature variations to be expected
on the moon. It is believed that by using the solid lubricant techniques oper-
ation in vacuum would be possible - the limiting factor would be the lifetime
of the solid lubricant components. However, the extreme temperatures pre-
sent problems which were not seriously attacked during the initial phase of
the program. The present gear box is designed to operate over a temperature
range of -40°F to +160°F. No develoopment effort was expended to ensure
operation outside these temperature limits.
3.3.3 Approach

Initial effort should be expended in a study program which will examine the
problem areas that have become apparent in the course of the present contract.
Specific areas to be investigated would include:

a. Materials - The present design would be reviewed to assess the com-
patibility of the materials used under extreme tempcratures and to explore
the possible use of other materials.

b. Temperature Control - Methods of controlling the temperature of the
gear box would be investigated and estimates developed for weight and power
of alternate techniques.

c. Lubrication - Lubrication techniques would be examined to determine
the advisability of further development of solid lubricants for drill system
applications as well as evaluation of alternate lubrication methods such as
synthetic fiber gears, lubricant reserviors etc. Weight and reliability penalties

for alternate approaches would be evaluated.
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d. Various conceptual designs using combinations of a, b, and c above
would be evaluated and appropriate tradeoffs of weight, volume, reliability,
etc,accomplished. These conceptual designs would be fully analyzed to ensure
proper operation under lunar conditions.

A development program should be carried out in parallzl with an in support
of the study program. Tests of various materials, lubrication techniques,
and temperature control techniques, should be tested under the extreme en-
vironmental conditions anticipated for the operational gear box.

The functions of the present gear box would be reevaluated in the light of
the experience already obtained and the current appraisal of the operational
drill requirements. Changes gnd/or improvements in the present design
would be made to take advantage of this past experience and tests of the new
gear box configurations would be carried out as necessary to establish their
validity.

3.4 DRILL STRING COUPLING DEVELOPMENT PROGRAM
3.4.1 Objective

The objective of the drill string coupling development is to design drill
string couplings which will permit a quick, simple connection of the drill
string elements while providing a reliable seal of the bit cooling passages and
a reliable mating of the bit temperature sensing circuitry contacts.

3.4.2 General

In view of the space suit limitations imposed upon the type and degree of
effort which the astronaut can apply, and the time and difficulties presently
involved in obtaining an adequate coolant seal and contact mating, it is evident
that the drill string couplings must be improved. The bit to core barrel, core
barrel to core barrel, core barrel to drill rods, etc couplings require the use
of supplementary gaskets to assure the coolant seal. Failure of the gasket to
s«i] may short out the electrical leads or leak the coolant to the exterior of
the drill string. The external leakage, in earth ambients, could cause a chip
binding situation or the loss of a critical amount of coolant. In lunar environ-
ments, the coolant loss could seriously limit the mission.
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3.4.3 Approach

Prior to a study program which will examine the problem areas which have
become apparent, the following efforts should be expended.

a. A study should be made, closely coordinated with the diamond bit
development and the chip removal study and development programs, to deter-
mine the possibility of drilling utilizing bits and other drill string components
without coolant or a temperature sensor. During the final drill system testing,
the Aelay in delivery of the outer core barrels and the approaching contract
end date influenced the use of an experimental core barrel, which could not be
sealed adequately. The results of the limited drilling without coolant, performed
to test out the lunar drill and protection subsystem while utilizing bits of the
deliverable bit design, indicated that there is a reasonable possibility that bit
cooling and bit temperature sensing can be eliminated.

b. Should the limited data be corroborated by the above study and ex-
periments, a study should be made to determine the simplest and rnost reliable
mechanical coupling designs for the drill string components. These designs
should take into consideration both manual and automated methods of coupling
the drill string elements together and the results utilized in the Automation
Study.

It shou:d be noted here that if bit cooling and bit temperature sensing can
be eliminated, the necessity of such hardware as the external radiator, hoses,
valves, rotary joint, internal drill string wiring and complex core barrel and
drill string channeling and joints would cease to exist. The drill system re-
liability, weight and size would be influenced favorably while cost, complexity
and astronaut time and energy requirements would be reduced.

Should the results of the program indicated above prove negative,the follow-
ing studies should be made:

a. A study should be made to provide a relatively simple sealing and

coupling mechanism which would be within the work capabilities of the astro-
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b. A study should be made, in close coordination with the Automation
Study Program, to develop a simple reliable sealing and coupling mechanism
for the automation design.

3.5 DRILL MOTOR STUDY PROGRAM
3.5.1 Objective

The objective of the drill motor study program is to ensure the production
of a drill motor which will operate reliably during the lunar drill mission.
3.5.2 General

The dc drill motor delivered with the engineering model of the drill has
not been subjected to the low vacuum or extreme temperature variations ex-
pected on the lunar surface. Testing in earth ambients has indicated that the
operating time expectancy of the motor is in the order of 8 to 10 hours before
failure. The sealed motor design evolved utilized a closed thermal control
system e¢employing UCON, a polyalkyline glycol, as a coolant. Design com-
promiscs made to keep weight and volume to a minimum reduced the functional
capability of tne internal pump and the adequacy of the commutation. It is
necessary to employ an external pump, which has been provided, for coolant
circulation. The UCON appears influential in reducing the life of the commu-
tation and the brushes. The rotating secal design and the external heat exchanger
appeared to be adequate. In view of the short operating time obtainable with
this design, Westinghouse has provided an air-cooled motor of the same param-
eters and a suitable power conditioner for the drill system evaluation tests.
Additional study and development will be necessary to lengthen the sealed
motor lifetime for lunar applications.
3.5.3 Aporoach

Effort should be expended initially in a study program to analyzo the prob-
lem areas which have become apparent in the course of the present contract.

As a result of this analysis, the following studies should be made.




a. A study tu determine if there is any practical solution to the improve-
ment of the reliability of the present design by the improvement of the life
limiting components.

b. A study should be made to determine the optimum motor concept
consistent with the weight, volume, power supply, and interface dimensional
restraints and consistent with an external thermal transfer subsystem which
meets the weight, deployment, operational and interface restraints of the
drill system.

c. An experimental model of the optimum motor should be constructed
and teste. to determine the validity of the study.

3.6 LUNAR DRILL AUTOMATION DEVELOPMENT PROGRAM
3.6.1 Objective

The objective of the automation development program is to design a lunar
drill that provides maximum automation within the bounds of the allowable
weight and volume,
3.6.2 General

In view of the current space suit problems facing NASA, it is evident that
a high degree of auton ation is desirable in any lunar or space hardware.
However, it must be recognized that 2utomation has its costs in development
time, additional weight, additional volume, and reliabilit . These factors
represent dollar costs to the program and the exclusion of other experiments
from the lunar payload. The decision to fully automate and accept these
penalties is therefore one which should not be made lightly nor can it be made
unilaterally by the lunar drill developers.
3.6.3 Approach

Sufficient experience and knowledge is at present available to allow a study
of automation and automation requirements for the lunar drill. For such a
study to be meaningful, mockups of proposed new hardware will be built and

the present engineering modcl will be made available for laboratory simulation

o’ :
—— N -

and evaluation under simulated lunar operating conditions.
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The following are representative of the sequence o1 activities to be followed
in carrying out the study and laboratory program:

a. An operation profile would be generated to determine all of the func-
tions to be performed in the operation of the drill.

b. These functions would be described in detail.

c. Engineering design concepts would be generated to carry out these
functions automatically, semiautomatically, and m=znually.

d. A time-linc analysis would be performed to determine the time re-
quired for an astronaut to perform each of the functions. ULaboratory verifica-
tion of this analysis would be necessary. The time saved by automating cach
process would be determined.

¢. Based on the above enginecring design concepts, a weight analysis
would be performed to determine the weight penalty for performing cach tunc-
tion automatically.

f. Tradeoff studies of astronaut time versus weight penalty would be
conducted.

g. Trodootf studies ot reliability versus additional complexity would be
carricd out.

h. The control sunction could be analyzed to detormine what controls
are necessarvin both -t st and semiautomatic svstenrnis,

i. Acditionat « *perimentation would be carried out utitizing the modcl
of the lunar drill to determane control settings.

j. In kecping with the general philosophy of autornation developed as
a result of the studics described above, additional manual or automatic con-
trols would be incorporated into the present system as necessary.

k. Geological information is inherently available ‘rom drili information
such as thrust and penctration ratcs, required torque, cte. Provisions would
be made to read out and record such information. It is believed that the
majority of such information is alrcady available in the curreat contrel system.

However, if additional senscrs are necessary, they would be incorporated.
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Provisions would be made for remote monitoring of all pertinent operational
and scientific information. If it is desirable, such information could be relayed

directly to earth laboratories.




APPENDIX A
BIT DESIGN AND CUTTING REMOVAL

A.1 INTRODUCTION

This appcndix describes in chronological order the iesting program
conducted during the lundar drill program, i an attempt to optimize the bit
design. Since the design of the bit was greatly influenced by chip removal,
the bit design and chip removal are treated together.

The first three major sections deal with the feasibility of diamond core
drilling in the atmosphere and in a high vacuum without an external flush-
ing agent. The fifth and sixth sections are oriented toward a suitable bit
design and the seventh and eight aeal with achieving a design for making dry
diamord core drilling a practical technique; that is, extending the bit life
(total penctraiion) to a figure compatible with drilling to depths of at least 100
feet. The 8th section covers the bit .esting during the Pre-Acceptance
Drilling Tests and Acceptance Test.

A.2 DRY DIAMOND CORE DRILL BIT CUTTING TEST AT EARTH AMBIENT
A.2.1 Introduction

The past experience of the drilling industry has indicated that a diaimond
core drill bit requires the use of an added external or forced liquid or gas as
a flushing and/or lubricating agent. Without this active medium the bit will
heat up and destroy itself or become "s:uck." The latter action is called
"core blocking' and is wilized in the drilling industry as a technique for
recovering core samples.

In order to urderstand the mechanics of diamond core drilling without an
active 1:quid or gas, the subject test was devised. The test was set up to
observe temperatures of the diamond core drill bit and the rock and the

action of the drill on the rock when an active liquid or gas was not uscd.
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A.2.2 Test Method

The diamond core drill test was arranged so as to drill a hole vertically
in a piece of basalt rock. The basalt rock was clamped to the ceiling, and
the upward drilling operation proceeded with the basalt cuttings falling free
from the cutting face of the bit by the action of gravity. A vertical face of
the basalt test specimen had been cut smooth with a diamond saw, and the
specimen was so oriented that a test hole 12 inches deep could bc drilled.
The 2-1/16-in OD industrial diamond bit used for the test was started into the
rock so the 1/4 in to 3/8 in of the bit diameter was exiending beyond the
smooth cut side of the specimen, figure A-1. Chip removal was accomplished
by centrifugal force and therefore the diamonds of the bit could be observed
during actual drilling as they left and then entered the kerf being cut in the
specimen. The first and third holes were drilled in this fashion. The second
hole was cut entirely within the ba'.;alt specimnén; consequently, no part of the
bit face was exposed for observation.

A.2.3 Test Equipment

A.2.3.1 Industrial Diamond Drill

A Model 405 Longyear industrial Drill Feed Mechanism with a Z2-hp
electric motor was used to feed the 2-1/16-in OD industrial diamond core bi:
into the rock specimen. This Longyear drill has an efficient ball type feed
screw with a 0.200-in pitch on the feed screw. The driving miter gear is
connected to a 4-1/2-in handle turned by the operator. A two-speed, 2-hp
Milwaukee motor rotated the bit at a free speed of 1600 rpm. The lower free
speed of 500 rpm was not used during the test. The electric motor was rated
at 12 amp, 120 volts ac.
A. 2.3.2 Industrial Diamond Bits

Two standard Longyear Industrial Diamond Bits were used for the test.

Bit No. 1 Longyear Model No. BHI2

Industrial Diamond Bit

2-1/16 in OD by 1-3/4-in ID by 14-in long 5/32-in kert
Impregnated bit
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Impregnated S ;
EASALT (70) Eit et Bi

TEM>2., OF DRILL | Below
700“F - 1600°F 450-600°F

DRILL RATE 3.66 in./min 2.25 in./min

Diamond Core
Drill

\~
OEARTH AMBIENT

® VACUUM AMBIENT
£466A-YA-25

Figure A-1. Dry Diamond Core Bit Drilling Test
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Bit No. 2 Longyear Model No. BH2

Industrial Diamond Bit
2-1/16-in OD by 1-3/4-in ID by 14-in long 5/32-in kerf
Surface set bit
A.2.3.3 Basalt Rock Specimen
The basalt rock was obtained from the U.S. Bureau of Mines at Fort
Snelling. The top and side faces had been cut smooth on a diamond saw.
The approximate dimensions of the rock were 6-in x 12 in x 12 in. The
rock, mined at Dresser, Wisconsin, had a Shore hardness of 79 and a
compressive strength of 43, 000 psi.

A.2.4 Test Instruments

A.2.4.1 Clamp-On Ammeter

An Ampro clamp-on type of ammeter was used for measuring motor current.
A.2.4.2 Photo-Tachometer

A Pioneer photo-tachometer was used to read bit rotational speed. A
five-band strip was attached to the bit with drafting tape.
A.2.4.3 Pyrocon Thermometer

This thermocouple type instrument was used to measure the temperature
of the bit matrix at the end of each run; temperature range: 0 to 400°F.
A.2.4.4 Tempilaq

The following temperature sensitive lacquers were applied to the bit to

determine the maximum temperature attained by the bit.

No. Temp Color
1 306°F Yellow
2 350°F Grey
3 413°F Lt Pivk
4 475°F White

A.2.4.5 Tempilstik

The following range Tempilstik were also applied to the bit to determine

the maxiimum bit temperatures:




No. - Temp Color

1 500°F Blue

2 600°F Red

3 700°F Orange
4 800°F -

5 900°F -

6 1400°F -

7 1600°F -

A.2.5 Test Procedure

The test equipment was set up as shown in the illustrations and bit no. 1
(diamond impregnated bit) was started into hole no. 1. The bit was advanced
into the underside of the rock until it was cutting around the complete bit
diameter. ]

A stop watch was used to measure the duration of the test. The operator
advanced the bit into the rock by turning the feed handle at a rate which kept
the drill motor operating at approximately its rated hp as indicated by the
current shown or. the ammeter.

A.2.5.1 Test No. 1

This was a preliminary run to determine initial cutting feasibility and to
check the method of taking temperatures and getting the approximate range
of bit temperatures. The drilling area was darkened and drilling was continted
urntil cuttings of a dull red color were observed at the exposed sector of the
bit.

A.2.5.2 Test No. 2

This test was carried out exactly as test no. 1 with the same bit and in the
same hole, but the test was stopped wher the dull red cuttings traveled
across the entire exposed sector of the bit.

A.2.5.3 Test No. 3
This test was the same as tests no. 1 and no. 2, ‘but it was continued until

the drill reached the end of its stroke (approximately 6-3/4-in hole). As
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would be expected of an impregnated bit, close examination showed that a
few diamonds has been torn from the bit; however, the bit was still in good
shape. The faster drill rate of 3. 68 in per minute was partially due to the fact
that near the end of the hole more of the bit was exposed.
A.2.5.4 Test No. 4

Test no. 4 was conducted using the same bit (bit no. 1) but a new hole was
started. This hole was completely within the basalt rock specimen; the dia-
monds and matrix were not visible. Since the cuttings could not as easily be
removed from the hole, a much greater torque was recuired to turn the bit.
Evidently, the bit became damaged due to binding and overheating caused by
inefficient chip removal. At about the same time, the line fuse blew and
abruptly stopped the test. No time was recorded as the lights failed also.
The bit was withdrawn from the hole and Tempilstik marks indicated a temper-
ature over 1600°F. The high temperature had destroyed the cutting ability
of the bit.
A.2.5.5 Test No. 5

The surface set bit (bit no. 2) was used for this test and a new hole was
started (hole no. 3). The operator of the drill applied a constant 10-1b force
on the feed handle. Drilling through 11-1/4 inches of basalt under these
conditions caused little dan,age to the bit.

The e tests are summarized in table A-1.
A.2.6 Conclusion

The results of this test have indicated that:

a. Most of the mechanical energy of the drilling is converted into heat

in the cuttings. When a piece of paper was held to catch the cuttings, the
paper charred. Even though the diamond cutting area appeared to glow red,

the temperature of the drill bit did not exceed 600°F provided the cuttings
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were removed effectively. In this test, centrifugal forcel coupled with
an "open" hole provided an effective cutting removal technique. .

b. If the cuttings were not removed, the heat in the cutiings over-
heated both the drill bit and the rock sample and caused a failure.

c. Under these "dry' drilling conditions a set bit was more effective
in cutting a core sample from rock than an impregnated bit.

A.3 DRY DIAMOND CORE DRILL BIT TEST AT HIGH VACUUM OF 10-9
TORR

A.3.1 Introduction

The previous bii tests in paragraph A. 2 indicated that an active liquid or
gas was not necessary as a flushing agent, but that a mechanical technique
employing centrifugal force could be used. Since the test was performed
under earth ambient conditions, it is possible that the molecular film of air
could have acted as a lubricant for the diamonds. The subject test was
performed ina high vacuum to determine whether this molecular film of
air was critical.

A.3.2 Test Method

Diamond bit core drilling without an active flushing or cooling medium
was first conducted in air on both basalt and granite to allow comparison
with drilling in vacuum. These tests were followed by outgassing tests at
a pressure of 10-8 Torr, and finally, by a test at the maximum attainable
vacuum of 5 x 10-9 Torr

The diamond drilling test setup arranged to drill a hole vertically down-
ward into a piece of basalt rock and a piece of charcoal granite. The rock
cuttings were removed from the cutting {ace by centrifugal force.

In all cases, the rock specimens were oriented so that a test hole 6 inches
deep could be drilled. The 2-1/16-inch OD industrial diamond bits used for

the tests were started into the rock with 1/4-in to 3/8-in of the bit diameter
1. This centrifugal action has been incorporated as part of the "snow plow"
auger flight cutting removal technique described in paragraph A.5.




extending beyond the vertical face of the specimen. With the cutting face
exposed in this fashion, the chips could be fémoved by centri.f-xg*al force and
the diamonds on the surface set bits could be cbserved during the actual
drilling.

A.3.3 Test Equipment

A.3.3.1 Industrial Diamond Drill
A Model 405 Longyear Indust:ial Drill Feed Mechanism with a 4-hp
electric motor was used to fead the 2-1/16-in OD industrial diamond core
bit into the rock specimen. The Longyear drill has an efficient ball-type
feed screw with a 0.200-in pitch on the feed screw. The fced screw 1s rotated
by a set of miter gears. The driving motor gear is connected to a 1/2-hp
electric motor. Special vacuum rated solid lubricant was applied to the gears,
feed screw, and associated parts.
A.3.3.2 Industrial Diamond Bit
Two idertical Longyear Industrial Diamond Bits were used for the test.
Bit No. 1 was used for drilling under atmosphere and during outgassing while

Bit No. 2 was used for the drilling at the maximum chamber pressure of 5

x 10-9 Torr.
A.3.3.2 Bit No's. 1 and 2
Longyear Model No. BH2 Industrial Diamond Bit 2-1/16in OD by 1-3/4-
in ID by 8-9/16-in long, 5/32-in kerf Surface Sct Bit
A.3.3.3. Rock Specimens

A.3.3.3.1 Basalt Specimen. - This rock was obtained from the U.S. Bureau

of Mines at Fort Snelling. The approximate dimensions of the rock were
8 in long by 12 in by 12 in. The rock, mined at Dresser, Wisconsin, had
a Shore hardness of 79 and a compressive strength of 43, 000 psi.

A.3.3.3.2 Granite Specimen. - The charcoal granite was obtained {rom the

U.S. Bureau of Mires at Fort Snelling. The approximate dimensions were
8-in by 12-in by 12-in. The rock, mined at St. Cloud, Mirresota, had a

Shore hardness of 91 and a compressive strength of 33, 300 psi.

A-9

. eamwe



A.3.4 Prime Movei-'System ~en o o . '—'

A.3.4.1 Axial Thrust System

A 60 Hz, 1140 rpm, 1/2-hp induction motor with solid lubricant vacuum
rated motor bearings was used in conjunction with a 242:1 ratio harmonic
drive to advance the bit into the rock. The harmonic drive was plated with
a solid lubricant. This combination provided a bit advancing rate of
approximately l-in/min.
A.3.4.2 Drive System

A 400 Hz, 5700 rpm, 4-hp, 240/416 V induction motor with solid
lubricant motor bearings was used with a 637:1 ratio single stage planetary
gearbox to drive the bit. The gear teeth and bearings were plated with solid

lubricant. Insulation of the motor was a high temperature, low outgassing

ML type. e o

A.3.5 Test Insfrumenis
A.3.5.1 Power

Appropriate voltmeters, ammeters, and watt meters were used to monitor

the oferation of the 400 cps power supply and measure the input power to

the motors.

A.3.5.2 RPM

A strobotac was used to measure bit rotation speed during the atmosphere

tests. This device could not be incorporated into the chamber for the vacuum

test.
A.3.5.3 Temperature

Copper-constantan thermocouples were used to monitor the temperature
of the motor windings, the motor f{rames, and the chamber shroud temper-
ature. Temperature readings were recorded on a 24-pnint thermocouple
temperature recorder. The diamond drill bit temperatures were determined
with the aid of temperature sensitive lacquers (Tempilag). These lacquers

ranged from 450 to 1600°F in approximately 100°F increments.
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:‘_A 3. 5.4 Chamber Pressure SE————

A Krelsman Nude gage was used to me€asure the vacuum. The gauge was

18 inches from the shroud and approximately 4 feet from the drill bit. It was
shielded against radiation from the drill rig.
A.3.5.5 Penetration

Scale marks on the bit and a stop watch were used to determine the
penetration rate of the bit. Visual observation was possible through the
chamber window while under vacuum.

A.3.6 Test Procedure

The assembled rig and support were set up outside the vacuum chamber for
preliminary running in air. At the same time, power and thermocouple
feed-through connectors were installed in the vacuum chamber and ¢ hecked for

continuity. A pumpdown check of the vacuum chamber was then complc ted,

e

"w1tmﬁwrunwp F;g continued, to em t“hAe‘cleanhne é?BfTHe C Tam or.
pumpdown showed a rate of pumping from 73 microns to 1 x 10~ Torr in 1
hour and 40 minutes using only the 10-in diffusion pump; a tight system was
indicated. In all trials, the bit was advanced into the rock until it was cutting
completely around the vit diameter. The bit was then retracted shightly b
the feed motcr, the d~ill motor was brought up to speed (9320 rpm) und the
bit was advanced oy the teed motor upon comiraand of the est operato -

A stop wotch was used tu measure the duration of the test.
A.3.6.1 Trial No. 1

This was a preliminary run in air to obtain control data of dry diamond
core drilling granite and to check the instrumentation an ~ feesibility of the
prime mover system. Bit No. | penetrated the granite sample to a depth of
5-1/4 in at which time, the drill motor stalled. Later examination revealed
that the feed motor shaft key had dropped out of its keyway due to faulty
design of the hey and possible binding of the bit. This binding was attributed
to poor chip removal that resulted as the drill unintentionally penetrated the

last 3/4 inch with full circumference.
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The drill bit temperature rose above 450°F per Tempilaq, but the upper
limit could nct be determined because the tempilaq rubbed off when the bit
became bound.

A.3.6.2 Trial No. 2

This test was carried out in the same fashion as trial no. 1 using the same
bit and a basalt sample. The drill ran at 940 rpm taking a core 5-3/4 inches
in length (core no. 2) with 80-percent sectior The sample cracked at a
penetration of 5-3/4 inches due to faulty planes in the basalt. The bit
reached a temperature between 650 and 800°F during this trial.

A.3.6.3 Trial No. 3

This prcliminary test was run in the same fashion as trials 1 and 2 except
that the drillinrg was done under vacuum to check initial feasibility and to
outgas the equipment. Upon installation anid checkout of the system in the
vacuum chamber, the pumpdown was initiated. When the pressure reached
6 x 10'8 Torr with a shroud temperature of -290°F, drilling was initiated.
Drill bit no. 1 was used in & basait sample to cut core no. 3. Penetration
continued to 1-1/4 inches, at which time, the drill motor current rapidly
increased and caused a shutdown. Attempts to restart the drill motor were
unsuccessful; binding in the drive gearbox was indicated. During drilling,
the motor and rock outgassing has increased the chamber pressure te 3 x
10'(’ Torr. It wa: noted that when the motor current increased cver normal,
ihe chamber pressure rose rapidly by a decade and decreased rapidly when
the motor was turned off, indicating outgassing from the drill motor.

Examination of the bit revealed no damage. Its condition after drilling
was identical to its condition prior to the test. Tempilaq measurements
indicated a maximum temperature of less than 450°F.

Examination of the drill rig revealed that the bushings in the planetary

gears had failed causing the unit to become jammed.
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A.3.6.4 Trial No. 4 S

Upon the installation of a new drive gearbox incorporating Westinghouse
Research Lab's gallium-indium bushing in place of the ''surf-coated' bronze
which had failed during trial no. 3, this second preliminary vacuum test
proceeded. As in trial no. 3, the cutting was initiated 2t a chamber pressure
of 6 x 108 Torr. Bit no. 1 was again used to cut a basalt core (core no. 4).
During drilling, the pressure leveled off at 4 x 10°6 Torr. Ata depth of
3-1/2 inches drilling was stopped and the drill motor th.ust bearing, which
had risen to a temperature of 120°F, was allowed to cool. When the chamber
pressure reached 1.7 x 10-8 Torr with a shroud temperature of -285°F,
drilling again proceeded. Drilling continued tor 2.5 minutes, at which time,
the maximum programmed depth of 6 inches was reached.

Examination of the bit revealed a maximum temperature of less than 456°F
and no visible damage. The penetration rate was as programmed -
approximately 1 inch per minute.

A.3.6.5 Trial No. 5

With the successful completion of the ambient atmospheric tests (tvials
l and 2) and the preliminary vacuum outgassing tests (trials 3 and 4) the
chamber was prepared for high vacuum operation. The shroud was sealed
tight and readied for full LNZ pumping. The test setup and basic procedure
were the same as for trials 3 and 4 with cutting proceeding in l-inch incre-
ments. Bit no. 2 was used to cut a core (core no. 5) in a basalt sample.

The hole was started 1/16 inch deep to assure proper centering. The drill
was then retracted for checking and started. The hole was 'collared' to

1/4 inch deep and the bit checked for centering to reduce the possibility of
side thrust. The bit was then retracted to 1/16 inch clear of the rock face.
To keep the -+ .otors and gear boxes warm while the shroud was being cooled
for h.gh operation, two 12-inch long 1000-watt IR quartz tubes were installed

on the rig.
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After a 12-hour pumpdown, the chamber pressure was at 8.4 x 108 Torr.
The motors were then checked for starting and allowed to run approximaiely
2 minutes. With both motors running, the pressure rose to 1.2 x 10-7 Torr
and then decreased immediately when the motors were stopped. At 10:35
a.m. on 22 September 1965, the chamber pressure leveled off at 6.2 x 10-9
Torr. The 4rill motor was started and the pressure rose to 2 x 10-8 Torr.
With both motors running, the pressure rose to 1 x lO'7 Torr and finally
leveled at 3.8 x 10”7 Torr while drilling 3/4 inch (to 1 inch total depth).

The drill was then stopped and retracted from the hole. When the chamber
pressure reached 1.2 x 10-8 Torr at 10:41, cutting was again started. The
pressure rose to 3.7 x 10'7 Torr and held during i-1/4 inches of penetration
(total depth 2-1/4 inches).

At 1.1x 1078 Torr drilling again ccmmenced. The pressure held at 3.6
x 1077 Torr while cutting 1-3/8 inches (to total depth of 3-5/8 inches). When
cutting was stopped at 10:51:20, the pressure had increased to 4 x 10°® Torr.
Within 1 minute after motors were turned off, however, the pressure had
dropped to 2.5 x 10-8 Torr.

At 11:18 the chamber pressure had reached a maximum vacuum of 5 x 10~9
Torr. Cutting was started and it was decided to cut to the maximum depth
of 5-3/4 inches on this run. The pressure stabilized at 3.8 x 107 Torr
during the penetration to 5-3/4 inches. The drill rig was then shut down and
the chamber prepared for re-opening. Examination of the drill bit upon
re-opening revealed no damage to the diamonds or the mastic.

A.3.7 Summary and Conclusion

The cutting of a basalt and granite core sample at a high vacuum was
accomplished by using a 2-1/16-in.diameter industrial diamend drill bit and
a modified drill stand supplied by the E.J. Longyear Co., together with
driving and advancing mechanisms and motors furnished by Westinghouse.
These were provided with specially treated bearings and solid lubricants and
assembled at the vacuum research farility of the Pittsburgh-Des Moines

A-14
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Steel Company. The equipment was first checked on blocks of granite and
basalt in air.

Preliminary tests were then conducted in a vacuum environment of 10-8
Torr, followed by tests at pressures in the 109 Torr region. Although
a goal of testing in the 10-10 Torr pressure range was desired, the high
outgassing rate of motors, drive components and rock prevented reaching
and holding this degree of vacuum. During time, the vacuum was in the range
of 10-7 to 10~ Torr.

The chamber pressure was measured by a Nude gage 18 inches from the
shroud and placed approximately 4 feet from the drill bit. It was shielded
against radiation from the drill mechanism. The pressures measured,
therefore, zre not truly representative of those the bit itself saw.

In each of the tests, drilling was performed along an edge of the rock
sample, allowing approximately 20 percent of the bit circumference to be
exposed. This arranrement permitted the chips to escape from the cutting
face and subsequently prevented binding of the standard industrial bit which
was not designed for dry chip removal.

The drill bit temperatures were obtained by observing the effect on
Tempilaq compounds applied to the circumference of the hit. The maximum
temperature indicated during the vacuum tests was less than 450°F. During
cutting in air, temperatures between 650°F and 800°F were observed.

Measurement of granite core no. 1, cut in air, indicated a bit expansion
due to a temperature change of approximately 540°F.

At the conclusion of the tests, both drill bit appeared unaffected except for
the loss of a few diamonds from bit no. 1, most of which had occurred during
the binding period at the end of trial no. 1 where an unintentional full cutting

kerf did not allow escape of the rock chips.




Drill bit speeds were between 900 and 940.rpm. However, some amibiguity
existed in readings of input power. For this reason, credible information
was not obtained which could be related to torque or thrust.

Penetration rates were approximately the same as in air, and generally
were in accordance with the calculated rate of slightly less than 1 inch/minute,
considering possible errors in timing. The fluctuations in the following table
of recorded penetration rates indicate an inconsistency in the timing and also

play in the feed screw rather than effects on penetration due to vacuum.
PENETRATION RATES - (in/min)

Note: Bracketed numbers indicate respective cores.
Test Conditions Granite Basalt

(1)4-3/4 in (2) 5-3/4 in

Smin 0 5-1/zmin - %
Aiyr Including 3/4-i§h,ﬂ¢g
full kerf ‘
Vacuum, (10-8 start,) (3) 12-2/4 in _ 0. 52 2
(10-7 during cut) (4) 3-1/2in _ |
=1.0
3-1/2
(4) 2-1/2 in _ 10
2-1/2
(5) ———3/‘: 2 -0.75
Vacuum, (5 x 107 1-1/4in _ 90
Torr start,) 1-1/2 )
(1078 x 107 during 1-3/8 in _ | o,
cut) 1-1/3
ll/ZZm = 1.00
12'51/%‘“ 0. 65
Average =
5'16/82 1% - 0.81

Feed motor and gear
rates give a calculated
penetration of 0.94
in/min



The results of this test have indicated that when eérth rock is drilled by a
dry diamond core drill in a vacuum of 10-6 'I'orrl that the effect of an increase
in the coefficient of friction was not noticeu.ble. Should the rock on the moon
not contain a gas that will be released on drilling,then the friction of the
diamonds may not be a critical factor. This can be understood by the work
performed by Bowden and co-workers which show that although the coefficient
of friction for the diamond against diamond at 10-10 Torr is 0.9, it drops
to 0. 15 at 10-6 Torr. The lower value is more comparable to the coefficient
at atmospheric pressure (0.05). Should early lunar exploratior. indicate that
there will be no outgassing of lunar rock, Westinghouse would consider a con-
trolled leak to maintain a partial vacuum of 10°® Torr at the drill bit.

These tests have also demonstrated that a dry diamond core drill can cut
core samples from basalt and granite under high vacuum conditions providing
the cuttiﬁgs were effectively removed. Temperature measurements made,
indicated that with efficient chip removal, the diamonds and mastic do not
reach destructive temperatures. In fact, while drilling under vacuum condi-
tions, bit temperatures were less than 450°F - a temperature at least 200°F
less than that reached during earth atmcsphere drilling without a cooling or
flushing medium. The temperature difference while opera‘ing in vacuum
may in part be due to the cooling of the rock sample by radiation to the liquid

nitrogen shroud. However, this effect would not account for a 200°*F difference.

1. Although the Nude gage indicated a vacuum of 106 Torr, the vacuum at
the drill bit must have been less du: to the impedance of the paths for
outgassing to the pumps.

A-17/A-18




A.4 FEASIBILITY OF CHIP REMOVAL WITH A DRY DIAMOND AUGER
CORE DRILL AT HIGH VACUUM OF 102 TO 10-6

A.4.1 Introduction

This test was performed as part of a series of tests for the lunar drill
program to meet the Priority Requirements A-2 of the contract. Specifically,
this test was to establish the feasibility of removing the cuttings during core
drilling operations in a vacuum without the use of an external flushing medium.
A previous drill test which was described in Appendix A3 and Appendix A of
the third progress report was unsuccessful in establishing chip removal
feasibility in a high vacuum. To achieve the objective of this test, an auger
type bit design was tested and chosen (Appendix B, third progress report) and
the drill rig was modified to permit a maximum axial thrust of 400 pounds to
be applied to the bit.

The test was conducted at the High Vacuum F;a'cility (sec table A-2) of the
Pittsburgh-Des Moines Steel Company Research Laboratory by represcntatives
of the Westinghouse lunar drill program team.

The auger drill bits used were of a spiral, surface set design (design )
which had been tested during October and Noveraber 1966 and qualificd for
vacuum feasibility testing. (Seec Appendix A, fourth progress roport and th
third progress report.) A slight rnodification to the basic design wus the
addition of more OD and ID gage stones to increase the reliability of the ity
(figure A-2). The drill rig was modified, as described above, to limit axial
thrust while all other conditions were essentially the same as those p.ovided
in previous tests on this series. To allow group observation of the drilling
action during the tests under vacuum, a closed circuit TV camecra and
morator were used.

A.4.2 Test Procedure

The drill rig was assembled with the same components uscd in previous
tests except for the following modifications:

a. Drill drive gear box had been disassembled and reconstituted with,

fresh lubricant.

A-19




TABLE A-2
VACUUM CHAMBER CHARACTERISTICS

The following table presents essential data of the vacuum chamber.

Working Space:

Six feet, eleven-inch diameter, by eight feet

long -- inside shroud.

Shroud:
Three-zone, L_N2 cooled, optically and physically
tight, separable from outer shell, forming a
guard vacuum space.

Vacuum:
With shroud open 1 x IOTe torr in five hours.
lnéide closed shroud 5 x 10-‘0 torr in ten
hours: or less.

Pumping Speed:

Gases condensible at 100°K - 2.6 x IO'6 torr
liters/sec non-condensibles - 20,000 liters/sec.

Diffusion Pump:

Thirty-five inch NRC - rated 50,000 liters/sec
L.N2 cold batftle.
Bake-out:

275°F
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b. Advancing carriage reworked to provide means for maintaining no
more than 400 pounds axial thrust, using a plat?orm loaded with appropriate
weights. See figure 1-4, third progress report.

c. An electromagnetic pickup was added to indicate rpm of the drill
bit while operatihg in the vacuum chamber.

d. Torque and thrust measuring gauges were not vsed, since previous
tests had provided sufficient information on these paramsuters.

Bit serial number U 2883 was installed with the unit o1 the floor of the
lab. A hole was collared 1/4 inch deep in basalt, with the drill bit rotating
at 940 to 920 rpm. The feed motor was operated intermniittently to maintain
the advancing nut free from the drill carriage, thus permitting the 400-pound
weight to be the only thrust force acting on the bit.

After collaring, drilling proceeded by running for 30 seconds at a time
with 90 seconds between runs for a total of 21 runs in air. A core depth of
5-3/4 inches was reached at an average rate of 0.525 inch per minute. The
core was segmented in approximately 1/2-inch long pieces, each piece
showing evidence of interfacial grinding. The bit appeared in good condition.

® Gear box maximum temperature was 57°C (135°F)

¢ Drill motor power varied between 720 and 780 watts

® Drill speed was 920 rpm.

It was noted that the adapter was slightly loose on the motor shaft causing
some wobble of the drill bit, thereby contributing to the breaking of the core
on either startup or retraction at some intervals,

The rig was placed in the vacuum chamber with a new basalt sample and
another series of runs in air was made by operating for 30 seconds on, and
150 seconds off for 11 runs. Drilling proceeded to a 3-1/4-inch depth with

the same bit as above at an average rate of 0.59 inch per minute.
® Gear bex maximum temperature was 54°C (129°F)
® Drill motor power - 780 watts
® Drill uvit speecd varied from 918 to 912 rpm.

At this time, the setup wis deemed 2cceptable for vacuum testing.
I P g
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Bit serial number U 2881 was installed, and the basalt rock was positioned
for a new hole location. The hole was collared 1 inch deep and the chamber
was closed to start pumpdown. After 10 hours, the chamber pressure had
reached 2.8 x 10-7 Torr, and both motors were operated for approximately
10 seconds each. Shroud temperature was at -260°F. No outgassing was
observable.

At 12 hours from the start of pumpdown, the chainber pressure was at
9.2 x 10.9 Torr and the shroud temperature was at -314°F. The feed motor
was started to bring the bit into the cutting position. Very slight outgassing
was observed from both feed and drill motor operation before actual cutting
commenced. A core of 4-1/2 inches was cut in 9 runs of 30 seconds cach at
intervals of 90 seconds. The average cutting rate was 1 inch per minute,
with bit speed of 920 rpm. During the cutting periods, the chamber pressure
rose to values between 1.0 x 10.6 ang 1.6 x 10‘6 Torr dropping buck to
values of 1.1to 2.1 x 10.8 Torr in the 90-second periods between drillings.

Drill motor power was generally in the range of 700 to 800 watts, with
onc¢ exception, when the power varied from 540 to 900 w :tts during the third
half-minute run. Maximum gear box temperature was 20 C (68°F).

During this test, a closed circuit TV chain with image orthicon camecera
was employed to display the drilling action on @ 17-inch monitor. The
camera viewed the scene through = sightiry port in the chamber and per-
mitted exceilent observation of the chip removal actien. The major volume
of chips appeared to be ejected in a cone of about 60 degrees inciuded angle
surrounding the shank of the drill bit, and extending upward for a distance
of about 1 foot. A less dernse cloud of chips was sprayed through the dust
shield slot to the side of the chamber skroud and upward past the drill
motor to the top of the shroud approximately - feet froin the rock face.

Examination of the pit after this test revealed no apparent wear or damage,
There was no evidence of temperature effects and no observable los< of
diamonds. The recovercd core war ir three sepments, looscly contained in

the bit.
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A.4.3 Summary and Conclusions

The test successfully demonstrated the capability of the selected type of
diamond core drill bit to remove chips while drilling basalt in a vacuum
environment without the use of an external flushing medium. The terapera-
ture of the bit apparently remained below any damaging value. No diamonds
were lost, and the bit appeared in excellent condition after drilling 5-3/4 inches.

Attendees were able to watch the chip removal action on the TV monitor.
A plume of cuttings was observed being ejected in a generally vertical
direction from the hole. Some of the cuttings were thrown upward and
adhered to the top of the cylindrical shroud (located approximately 5 feet
above tre rock face).

The results of this test indicate that the auger type diamond core bits
designed for this demonstration are capable of efficiently removing chips
while drilling in basalt rock under a2 high vacuum environment with no
external flushing mediurn. It has also been shown that axial thrust must be
held at a value compatible with the speed of rotation and the bit configuration.

The increased penetration rate observed while drilling under vacuum
conditions may indicate better performance of the drill in vacuum than in air.
This increase in performance could be caused by outgassing of the rock
sample and cuttings which would aid in chip removal and bit cooling.
Evidence of the amount of outgassing is given by the observed height and
density of the cloud of ejected rock chips cut during the test. Another
indication of increased cutting performance was evidenced by the condition
of the core which had broken into three segments and showed no evidence
of binding.

A.5 TEST OF THREE DIAMOND BIT DESIGNS U: VG AUGER FLIGHTS
FOR CUTTING REMOVAL

A.5.1 Introduction

It is important to quickly remove the hot cuttings from the face of a drill

bit to prevent excessive heating of tne drill and also to prevent regrinding of
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the rock chips. Without efficient chip removal, drilling efficiency is reduced.

Greater thrust is required to obtain penetration into the rock because less
energy goes into actual cutting due to the energy lost in attrition of the
cuttings.

Preliminary tests described in Appendix B of the second progress report
indicate that auger flights on the outside diameter of a drill bit will quickly
and efficiently remove the rock cuttings. These tests used a special diamond
core bit having tapered auger flights (see figure A-3). The idea of using a
tapered bit to distribute the axial load and subsequent cutting energy was
shown to be unfeasible. This vas due to an inherent weakness at the crown
of the bit and a high concentration of heat buildup at that area.

The purpose of this series of tests was to determine which of three new
chip removal bit designs would provide chip removal and acceptable cutting
efficiency when subjected to the drill parameters specified for the lunar drill
engineering model (400-1b thrust at 500 to 1000 rpm). This paragraph de-
scribes the test program the bits were subjected to, as well as the evaluation
of the test data.

The bits that were tested at this time all used auger flights for chip re-
moval. As seen in figures A-4, A-5, and A-6, the crown of each design
for the subject tests was different. Bits no. 3 and 4 had a spiral, surface
set design using 127 diamonds; bits no. 2 and 6 had a multi-rib surface set
face using 150 diamonds; bits no. 1 and 5 had a multi-rib impregnated face
using 60 diamonds on the face.

The tests were run on three different drill rigs to provide various thrust
levels, rotary speeds, torques, and feed rates. The rock samples used
were the same type basalt used in previous earth atmosphere and vacuum
testing.

The result of these subject tests was the selection of two accceptable chip
removal bit designs out of the three designs tested. These two designs arc¢

thc surface set spiral and the miltirib surface set bits., However, the
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performance of the spiral surface set bits far exceeded the performance of
the multi-rib surface set bits and, for this reason only, the spiral bits were
used for later testing of chip removal bit design. Each of the spiral bits cut
a total of approximately 13 inches of core before end of life. The end of life
was due to wearout of the ID and OD gage stones. This wearout is believed
to be caused by oxidation of the diamonds due to excessive heat. This was
more noticeable when longer drilling times were used (the Tempilaq showed
oxidation temperatures in excess of 700°C). The multi-rib impregnated
design bits cut less than 5/8 inch of core before failure.

The subject tests were performed at the Bureau of Mines, Minneapolis,
Minnesota. The help received from the personnel at the Bureau has been
invaluable in performing these tests.

A.5.2 Test Equipment
A.5.2.1 Drills

A.5.2.1.1 Longyear Industrial Drill. - A Model 405 Longyear Industrial

Drill with a 2-hp Milwaukee electric motor wzs used. This is the same
model drill which was used for previous earth atmosphere testing (see second

progress report).

A.5.2.1.2 Clipper Drill. - A Model D-30 Clipper drill with a 3-hp, 220 V

single-phase electric motor was used. The 3600-rpm mntor provided a
rotary speed of 850 rpm at the drill bit. Advancement was by a manual feed

rack-and- pinion mechanism.

A.5.2.1.3 Radial Arm Drill. - A standard Carlton Radia! Arm Drill using

a 5-hp, 220 V 3-phase electric motor to drive the output shaft was used.
Constant thrust was maintained with an air cylinder und regulator at two

available rotary speeds - 820 and 1140 rpm. Thrust could oe set and held

at any desired level.
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A.5.2.2 Chip Removal Bits

A total of six bits were used for tests. Two bits of each of the three
designs were tested. All bits used the same auger flight design which was
described and shown in Appendix B of the first progress report, also see
figure A-7. Briefly, this design consists of three auger flights per bit
spaced at 120 degrees and 0.060 inch wide. The flights carry the cuttings
to a height of 6- 11/16 inches (allowing a 6-inch core to be taken) on a
30-degree helix angle. See table A-3 for additional bit information: The

bits used are shown in figure A-11.

A.5.2.2.1 Design A, Multi-Rib Impregnated Bits No. 1 and 5. - These bits

shown in figure A-3 were designed with an impregnated face and hand set
OD and ID kicker stones. The face consisted of 24 ribs 15 degrees apart
with 60 face stones set in an extra-hard matrix. Total carat weight per bit

was 4.40.

A.5.2.2.2 Desi&g B, Multi-Rib Surface Set Bits No. 2 and 6. - These bits

shown in figure A-4 were designed as was design A with a 24-rib face. How-
ever, for this design, surfacc set stones were uscd in an extra-hard matrix.
The stones were offset so that there was a spiral pattern across the face of
the bit. Each bit wa. set with 150 stones having a total carat weight por pit
of 3.00.

A.5.2.2.3 Design C, Spiral Surface Set Bits No. 3 arnd 4. - These bits

shown in figure A-4 were designed with three concentric rings of face stones
which were offset to form a series of spirals from the ID to the OD of the
bit face. The 127 diamonds used were set in a hard matrix and had a total
carat weight of 2. 15 per bit.
A.5.2.3 Rock Specimens

The basalt rock was the same as that used in previous testing which was
obtained from the US Burca.. of Mines at Fort Snelling. The rock was mined
at Dresser, Wisconsin, had o Shore hardiess of 79 and a compressive

strength of 43,000 psi.
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A.5.3 Instrumentation

A.5.3.1 Power

Input power to both the Longyear ard Clipper drills was measured with a
clamp-on ammeter. Power to the radial arm drill was not measured because
an appropriate watt meter was not available.

A.5.3.2 RPM

Both a Strobatac and a phototachometer were used to detecrmine the rota-
tional speed of the drill bits.
A.5.3.3 Torque

A torque table incorporating a strain gage output was fabricated for the
tests. Maximum measurable torque was approximately 15 ft-1b,
A.5.3.4 Temberature

As in previous bit tests, temperatures were measured with a Pyroccn and
Tempilaq temperature sensitive lacquers. These lacquers ranrged from 400
to 1000°F.

A.5.3.5 Peretration

Penetration was determined with a micrometer and an extendable scale
which moved with the drill motor slide. Time was kept by the drill operator
with a stop watch.

A.5.4 Test Procedure

Drilling was conducted in air on similar basalt samples using three
different drill rigs (see paragraph A.5.2). During testing of the bits, it
was found that both the Longyear and the Clipper drill rigs tended to
vibrate and possibly damage the bit under test. Therefore, te sting was
completed on the Radial Arm Drill which offered more stability and flexi-
bility of the drilling parameters.

In all cases, the drilling tests were arranged so as to drill 6-inch deep
holes verticully downward into the rock samples which were appropriately

oriented and clamped to the base of each rig.
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The drill bits undecr test were "collarcd" to a depth of approximatcly
1/2 inch and drilling proceeded downward for intervals of 15 to 90 seconds.
Prior to each run, thrust and rotary speed (rpm) were fixed while input
power, torque, penetration rate, and temperature were measured and re-
corded. For the test serics, the "fixed'" parameters of thrust and rpm were
varied through the following ranges:

Thrust 100 to 500 lbs
Rotary Speed 750 to 1140 rpm

In all runs, the test bits were oriented -0 s to cut a full kerf in the rock
with chip removal heing solely accomplished by the bit face design and the
auger flights on the outside diameter (OD) of the bits.

A.5.4.1 Longycar Drill Trials

The preliminary run used bit no. 1 at a thrust of 400 pound~ and. an rpm
of 800. Initial contact at 400-pound thrust damaged the bit and onded the
test. No penetration was measured.

Other trials on the Longvear drill were made with bit no. 2, 4, an ' 5,
Virious thrust tevels wore used (100 to 300 pounds).  Bit no. 2 ponetr.oged
well, but was hard to collar and tended to chatter durin: penctration. The
tot! core tength cut wath this bat nefore tedlure woos 2080 aenos at ane
v rape penetration rate of 0338 inch/iminute.

The multi-rib, impregnated bit (bit no. 5) was run at 118-pound ti r.st,
Y20 rpm. This bit heated up rapidly and tailed after 150 seconds of rasning
time.  Penetration was 0.537 inch beforc failure at un average penctration
rate (PR} of 0. 175 inch/ minute.

The first of the spiral, surface set design bits was also tested on the
Longvear machine.  The bit collared casily and was run for intervale of 30
to 60 -cconds at thrust levels of 100 to 300 pounds for an average roio of
“~~  The average pendctration rate went from 0.859 inch/minute to 0.5C5
1. h minute. No chatter was observed and the bit cut 15> 6 inches without

any appreciable signs of wear.,
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A.5.4.2 Clipper Drill Trials

Because of the tendency of the 2-hp motor on the Longyear drill to load
down under drilling, the next series of tests were run on the 3-hp, 850 rpm
Clipper drill. Bits no. 2 and 4 were tested on this rig.

Bit no. Z which had penetrated 5.3 inches on the Longyear machine was
further tested on this drill rig to see if the previously observed chatter
would be eliminated. However, the chattering was still present and the bit
only penetrated another 0.50 inch at 200-pound thrust before failing.

Bit no. 4, which had previously taken a 6-inch core was then tested on
the clipper drill - average penetration rates of 0.344 to 1.250 inches/minute
at 820 rpm and thrusts of 200 to 400 pounds. The bit cut smoothly to a total
depth (including b-inch cut on Longyear drill) of 12.9 inches. Chip removai
was excellent throughout these rurs. Temperatures measured with the
Pyrocon during all but the last tw6 runs did not exceed 365°F while Tempilaq
mea~urements indicated a matrix temperature of 500 to 700°F. ‘1 he final
two run- with this bit indicated tha* the bit had reached the end of its life
for the penetration rate dropped and temperatures per Tempilaq exceeded
1000°F.

A.5.4.3 Radia. Arm Drill Trials

The testing of the final two bits (bits no. 3 and 6) was done on the radial
arm drill. Because of the limited time, the torque and input power were not
measurcd during these trials. Two of the available rotary speeds (820 and
1140 rpm) were used for these tests with thrust levels set from 300 to
500 pounds.

The backup multi-rib surface set bit (bit no. 6) was first tested. Average
PR ranged from 0.318 in/min at end of runs to 1.320 in/min. Observed
Tempilaq temperatures rose at the bit wore, but they did not exceed 1000°F.
The bit cut a total core length of 4. 75 inches before it stopped cutting. An

examination of the bit after testing revealed the extensive loss of ID and OD

gage stones.
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The last bit tested was the backup spiral, surface set bit (bit no. 3). The
performance of this bit was excellent. For thrust levels of 300 to 500 pounds
and rpm's of 810 and 1140, the average penetration rates varied from 0. 648
in/min (last run) to 2.642 in/min. In fact, during one rua at 500-pound
thrust and 1140 rpm, a PR of 2.912 in/min was observed. A series of runs
with this bit at 400-pound thrust and 810 rpm were made. During this time,
temperatures as indicated by the Tempilaq stayed consistentl between 700
and 8)0°F. Chip removal was excellent and the total core length cut was
12.9 inches.

A.>.5 Summary and Conclusions

The more elaborate instrumentation, provided for this serics of tests,
gave a more quantitative insight into the performance of chip remcval designed
bits while drilling in a given rock without an external flushing or cooling
medium. The average penetration rat-s per thrust level and rpm's have

been computed and plotted in table A-4 and figures A-8, A-9, and A-10.

TABLE A-4
CALCULATION OF PENETRATIOUN RATES

. . Cumulataive
Design Bit | Penctration Thrust RPM Depth of Commuent
No. Rate .
Cut (in)
C 3 0.927 3oo 810
(spiral) 1.064 400 810
1.498 500 810
0.828 300 1140
1.647 400 1140 Operated on
2.004 500 1140 5.84 radial arm
0.823 400 810 drill
2.642 500 1140 11.78
0.648 400 810
0.848 500 1140 12.90
C 4 0.505 100 758 Operated on
(spiral) 0.552 200 758 Longyear drill
0.859 300 758 6.00
0.613 200 817
1.002 300 817
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TABLE A-4 (Continued)

Bit | Penetration Cumulative
Design Thrust’ RPM Depth of Comment
No. Rate .
Cut (in)
1.250 400 817 11.70 Operated on
0.334 200 817 Clipper drill
0.500 300 817 12.90
F 2 0.300 125 788 Operated on
ribbed) 0.394 125 761 Longyear
0.373 125 658 5.3
0.359 200 820 5.8
B 6 0.869 300 810 Cerated on
Kribbed) 1.320 400 810 radial arm
0.182 300 810
1.215 400 810
0.318 300 1140
0.693 400 1140
A 5 0.175 100 720 Opcrated on
(ribbed Longyear
impreg- drill - would
nat: d) not drill
A 1 Damaged when operator did not feather the
[(ribbed bit into the rock
impreg-
ated) l l

The performance of the design B bits (multi-rib, surface set) was good.
At the end of each r.n with these bits, the hole was clean ard chip removal
was deemed to be satisfactory. However, tlie observed wear of the bit (loss
of gage stones), the vibration during penetration, and the maximum core
lengths cut (5.8 and 4.75 inchci) are indications of a less than satisfactory
design for reliably demonstrating chip removal at high vacuum.

It should be noted that the four bits of design A and B incorporated an
extra-hard matrix to hold the stones. This matrix material did not noticeably
increase the performance of the bits and, in fact, may have contributed to

the rapid thermal rise which occurred when the design B bits were tested.
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By far, the best performing design was the spiral, surface set (design C,
bits no. 3 and 4). Both bits cut total core lengths of 12.9 .nches at thrust
levels of 300 to 500 pounds and at higher penetration rates. The observed
loss of gage stones from the bits was gradual, and it was not until both bits
had cut 12 inches of core that grinding of the core and subsequently lesscr

penetration rates were noted.
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Figure A-11.

Bits Using Auger Flight Design




It was noted during testing that there was a discrepancy between tempera-
tures measured with the Pyrocon instrument and those measured with the
temperature sensitive lacquers. Because of the time lag that resulted before
the Pyrocon could be touched to the test bit and the difficulty in maintaining
contact with the matrix, the Pyrocon measurements are grossly inaccurate.
The temperature lacquers do provide accurate measurements but are only
capable of giving general temperature ranges. Future R and D testing must
incorporate bits instrumented with embedded thermal sensors.

These tests have demonstrated the ability of dry diamond core drills to
provide efficient chip removal while cutting core in basalt specimens. The
testing of three different chip removal bit designs has enabled the Lunar
Drill Program Office to choose a bit design (design C). New bits of design
C will be modified by the addition of additional gage stones and tested in a
vacuum environment,

I'tese tests have also enabled the lunar drill program team to obtain more
definitive information on the performance of chip removal bits at different

thrust levels, torques, and rotary speeds,
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A.6 TESTS OF SPIRAL SURFACE SET BIT (DESIGN C)

A.6.1 Introduction

These tests were performed to obtain additional data on the auger flight
chip removal bit (design C) and the modified advancing mechanism to be useu
for a demonstration of chip removal without an external flushing mediuni under
vacuum conditions.

The subject tests were conducted at the E. J. Longyear Company and the
Research Center of the U.S. Bureau of Mines, Minncapolis, Minncesota from
30 October to 9 November 1965, by members of the Westinghouse lunar drill
program team.

As described in paragraph 1.3 of the third progress report, the drill rig
was modified to limit the axial thrust while allowing a variable feed rate. The
drill rig was also modified to eliminzate the chatterirg noted in cazlier tests.
Prior t test number 5 of the subject tests, three 3 8-inch diameter holes
wore madce above the crown of the bit. The purpose of these holes was t0 G
the remova oo the cuttings which moved across the face of the bit iron: tha
ID to the outsice.

A.6.2 Test Prooodure

The drill rig was as-cmbled and tests numbers | throueh 4 v re run ot
the F.J. Longyear faciiity.  The main purpose of these teots as Uocioa o
the effect of the drill rig chattering on cutting and to nmiare appropricte mmodi-
fications to eliminate this factor. The last three tests (teste numbers 5 - 7
were conducted at the Bureau of Mines. Here, the bit design itself was modi-
ficd and run or the radial arm drill used for previous tests conducted at the
Bureau. Fven though it was felt that the basic design of the bit was  apable
of demonstrating chip removal in vacuum, members ol the lunar orilo prouran
tean: wanted to evaluate the effect of adding reliet holes above the croan o

the bit.



Bit serial number U 2879 was installed on the unit. To nrovide axial thrust,
250 pounds of weight were attached to the top of the Longyear Model 403 Drill
(3-hp, 750 rpm). With the 115-pound weight of the driil itself, this provided
a maximum axial thrust of 365 pounds. During thesr tests, the play in the
rig and the bracing of the rock sample allowed excessive chattering. Reaming
of the hole due to excessive play was also evident. It was noted that the degree
of chattering directly influenced the penetration rate which varied from 1. 18
in/min to 3.6 in/min. At the conclusion of tests numbers 1 and 2, a total of
6.42 inches of core had been taker. To damp out the chattering which was
thought to be predominantly torsional vibration, it was decided to add a 30-
pound flywheel to the shaft of the drill.

With the addition of a flywheel, drilling of hole number 2 was continued.
During this set of tests, ch‘a‘ttering was reduced and the penetration rate varied
less (0. 72 in/min to 0.52 in/rhin).” The penetration proceeded to a depth of
3. 27 inches A(total core length for the bit of 9. 69 inches) at which time the test
was stopped.

The same bit (U 2879) was sandblasted and installed on the radial arm drill
at the Bureau of Mines. A 400-pound down force was set and the drill was
rotated at 1146 rpm. Drilling proceeded for 30-second intervals at a penetra-
tion rate of about 0.506 in/min. As the test data shows, the core tended to
oreak off at the end of about 1.5 mianutes of cutting. It was thought that the
breaking might be caused by the cuttings at the ID of the bit not being able to
escape across the face of the bit.

At this point, three 3/8-inch diameter holes were put above the crown of
the bit as seen in figure A-12 to aid the removal of chips from the face of the
bit. The axial pressure was set at 400 pounds with the rpm at 1140. Drilling
took place for 30-second intervals. The additic.. of these holes did not markedly
improve the penetration rate or prevent the core from breaking off at the end
of each run. The penetration rate varied from 0.62 in/min to 0. 42 in/min.

It was concluded that the fracturing of the rock was due to thermal stresses
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created during drilling and play in the rig, rather than inadequate chip re-
moval. The penetration mrde during this test was 2. 17 inches with a total
core length of 13. 05 inches being cut by the bit.

On 9 November 1965, a new bit was installed on the radial arm drill.
While attempting to collar the hole, the Morse taper reducing sleeves loosened
and caused excessive wobbling of the bit. This wobbling caused the diamonds

to be torn out of the mastic, thus quickly overheated, and the test series was

terminated.

A.6.3 Summary and Conclusions

This series of tests verified that a limited thrust, variable feed rate ad-
vancing mechanism is needed for rotary diamond core drilling. The modified
drill rig was found acceptable for providing the necessary thrust needed to
demonstrate the feasibility of removing chips with an auger type diamond bit.
Chattering observed during earlier tests was reduced by the addition of a fly-
wheel to the drill shaft.

It is felt that the breaking of the core at the end of many of the drill ruas
was due to thermal stresses produced during drilling and play in the rig itself.
The drilling of holes above the crown of the bit did not seem to affect the per-
formance of the bit. These tests did verify the acceptable design of the feasi-
bility bit (design C).

A.7 DRILL BIT LIFE TESTS

A.7.1 Introduction

By the end of 1965, sufficient tests were performed to demonstrate the
feasibility of diamond core drilling and chip removal without an external
flushing agent in the earth ambient as well as in high vacuum. During the
first half of 1966, emphasis was directed at rnaking dry diamond drilling a
practical coring technique; that is, investigating a systera and bit design that
would yield a bit life (total inches of penetrétion) compatible with the objective

of drilling to depth of at least 100 fee!.
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Analyses of the previous testing indicated that the following areas should
be further investigated to extend bit life:
o Efficient chip transport or augering.

® Selection of proper diamond types or shapes for the face stones and
the ID and OD gage stones.

e Orientation of the diamonds.

® Means to overcome the detrimental effects of inefficient chip removal.

To obtain the maximum amount of information with minimum expenditure
of time and indeed with a ridgedly fixed end date, sequertial testing was pre-
cluded and a paralleled effort was dictated. Augering tests were begun (see
paragraph A.8) and at the same time diamond types and orientation was inves-
tigated and tested.

To avoid the detrimental effects of inefficient augering during the bit and
diamond tests, preliminary tests were péx;i'g;i-iﬁéd to obtain information to
enable continuous monitoring of the drill bit temperature, and the temperature
of the bit without cooling. Bits were then constructeu with a manifold that per-
mitted internal cooling either by using the latent heat of vaporization of water
or convectively cooling by circulating water.

A.7.2 Preliminary Thermal Measurements DuruiRork DnthWu.h a Dry
Diamond Core Drill

A.7.2.1 Introduction

The ability to continuously monitor the temperature of the drill bit while
the drill is in operation was an integral part of the Westinghouse lunar drill
system concept. During drill system operation, temperature measurements
taken at the bottom of the drill hole must be transmitted to the surface and fed
into the drill control system.

These tests were conducted at the Westinghouse Aerospace Test Center
during the month of December by representatives of the Westinghouse lunar
drill program team.

The primary purpose of these tests was to obtain infcrmation nreded for

the development of instrumentation to sense dril' bit temperatures and convert
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this information into a form that can be used as a control function during the
drilling operation. A second purpose was to obtain information on the thermal
characteristics of a diamond core cutting removal bit while drilling dry without
the aid of a thermal control system.

Auger type cutting removal bits (see design C, paragraph A.5) were used
with iron-constantan thermocouples emplaced under the bit matrix. On each
bit, a thermocouple was connected to a breadboarded telemetering unit which
was mounted on a disk clamped to the shank of the drill bit. Mounted in this
fashion, the telem«tering unit rotated with the vit.

The telemetering unit consisted of a small amplifier feeding a subcarrier
oscillator whose modulated output was converted to an RF signal by a miniature
transmitter. Changes in bit temperature as referred to a cold junction were
thus transmitted as a frequency modulated RF signal to a remote receiver.
This receiver then reconverted the information through a discriminator into
a voltage output which was recorded on a strip chart recorder. Small batteries
mounted on the disk provided a self-contained power supply.

For this scries of tests the drill was operated in air at 900 to 920 rpm with
a maximum of 400-pound axial thrust. Cores were taken from basali rock
samples without the aid of an external cooling and flushing medium or a thermal
control subsystem.

A.7.2.2 Test Procedure

The drill rig used for these tests was the same as that employed in tests
reported in paragraphs A.4 and A. 6 and in the fourth progress report (Appen-
dixes A and B). Rotational speed was measured with a Strobotac and axial
thrust was limited to 400 pounds.

a. Bit serial number U 2880 (Design C, Spiral Surface Set Bit No. 21)

This bit was provided with a thermocouple cemented in a 1/16-inch diameter
holc drilled radially into the bit at 1/8 inch from the cutting face. The thermo-
couple was positioned in one of the chip removal grooves at the trailing edge

of an auger flight. To prevent the impedance of the flow of chips up the flight,
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the thermocouple leads were cemented behind the upper edge of the auger
groove.

The bit was eased into the rock and drilling proceeded at 920 rpm until the
bit temperature reached 400°F, at which time, the bit was retracted. After
cooling in air to 200°F, drilling was continued until a bit temperature of 400°F
was again attained. At this point, cutting was stopped and th. bit was allowed
to cool to 200°F while remaining in the hole. Cutting was then initiated
for the third time for a period of 2-1/2 minutes. During this time the bit
temperature stabilized at 490°F. The run was terminated at this point due to
the thermocouple coming loose. The average penetration rate for this series
of runs was 0. 97 in/min. |

A tabulation of the test data is shown below:

Bit Number 21

Running Time | Temperature | Total Depth Penetration
° . Rate Remarks
(scc) ( F) (ln) s .
{in/ min)
0 80 0 -
61.5 400 7/8 0.87
141 200 - - Bit retracted,
cooling in air
80 400 2-3/8 1.13
121 20¢ - - Bit cooling in
hole
64 490 - - Temp stabilized
214 490 5-3/4 0.94 Thermocouple
lost contact

Total cutting time = 355 sec

Average penetration rate = 0.97 in/min

The thermocouple was replaced and refastened in the same location as
previously with silver solder. A drill run to reach maximum bit temperature

was then initiated. However, after 2-1/2 inches of penetration, the rock
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sample fractured and revealed that the crown of the bit was glowing with a
du)l, cherry red color (1200-1400°F). At this point the test was stopped.

An investigation found that (he silver soldering of the thermocouple near
the face of the bit has been done without a protective atmosphere. This opera-
tion conceivably caused destruction of the diamonds over approximately 1/3
to 1/2 of the cutting area resulting in an overloaded cutting condition on the
balance of the diamonds. It was also found that the bit adapter had become
loose on the output gear box shaft. The looseness allowed the bit to chatter
during collaring and to lose diamonds from the crown of the bit. The result
of using a damaged bit which was cha.tering was the catastropic loss of cutting
stones and a subsequent build up of heat due to rubbing of the matrix.

Examination of the test bit revealed that it had become hot enough to
deteriorate and smear the matrix with gross loss of diamonds. The telemetered
signal was intermittent from the start of this run, and no readable temperatures
could be determined from the rccording.

b. Bit number 22 - Serial No. U 2881

A backup of the same design as number U 2880 was fitted with an iron-
constantan thermocouple which was spot-welded in place. The bit auapter
was skimmed to reduce chattering and drill runs similar to those described
in paragraph a were initiated. Three consecutive runs weire made to a total
depth of 4-3/4 inches during which the bit temperature never exceeded 500°F,
A final continuous run to a depth of 4 inches at 1 in/min was performed.
During this run the temperature rose to 500°F and remained constant at 500°F
for the last 3 minutes of cutting. Within 4 seconds after the drill motor was
shut down at the end of this run, the bit temperature rose to 600°F.

Examination of the bit revealed no evidence of damage or undue wear. It
should be noted that this same bit had a past history of cutting under both air
and vacuum conditions, and with the completion of this test it had cut a total

of approximately 16 inches of core.
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A.7.2.3 Summary ~ad Conclusions

The subject tests 2ave also demonstrated the basic capability of '"state-of-
the art" instrumentation to link a rotating temperature sensing transducer to
a remote control unit without the use of slip-rings and connectors. However,
it must still be determined whether or not this method of temperature sensing
and transmission will be effective from the bottom of a deep hole (100 ft or
greater) in rock formations.

These preliminary tests indicate that the maximum temperature reached
during drilling with bits of this type at a rate of 1 inch per minute and 400-
pound thrust is approximately 500°F. The 100°F temperature rise noted at
the completion of the last drill run is evidence of the amount of generated heat
the rock cuttings carry away from the bit.

A. 7.3 Drill Bit Life of a Cooled Diamond Core Bit -

A.7.3.1 Introduction

Additional testing of a thermocouple-instrumented drill bit was completed
during the month of February. To obtain instantaneous drill bit temperatures
during testing, the breadboarded telemetry system which was described in
paragraph A. 7.2 was again used. A special test bit was constructed with an
internal cooling chamber. This arrangement allowed the bit to be filled with
a given quantity of water which boiled off during the drill run. In this way,
both bit cooling and a measure of the heat generated could be obtained.

These tests were conducted at the Westinghouse Aerospace Test Center
during the month of February by represcntatives of the Westinghouse lunar
drill program team.

A.7.3.2 Test Procedure

The test equipment and procedure was basically the same as that employed
in tests reported in paragraph A.7.2. The drill bit under test (figure A-13)
was fabricated from two concentric tubes which yielded an internal cooling
chamber of 4. 88 in3. Cooiing of the bit was accomplished by the boiling off

of the water in the cooling chamber.
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the rock and run at 930 rpm. Because the feed mechanism limited the bit
penetration to 1 in/min, the full 400-pound thrust was not applied during
cutting. Torque measurements were made with a strain ring instrumented
torque table upon which the rock sample was mounted. The maximum torque
measured during this run was 2-2/3 to 3. 0 lb-ft for a penetration of 5-3/4
inches. The drill bit temperature rose to a maximum of 250°F. During this
run 7.5 cc of water was converted to steani.

The drill bit was again filled with water and a second hole drilled. For
this run and all others following it, the feed screw on the rig was allowed to
get ahead of the drill carriage so that the maximum thrust could be appliced.
The rotary speed was kept at 920 rpm with a torque of 5.9 Ib-ft. With a 400-
pound thrust applied, the average pehetration’ rat¢ was 1.8 in/min. The bit
tempcerature stabilized at 342°F until all of the cooling water spercd out of
the bit. At this time the temperature rose to 365°F and the run was stopped
after a penetration of 5-5, 8 inches.

Six more runs were made with this same bit at 920 rpm. The thrust was
reduced to 250 pounds for runs number 3 to number 6 in an attempt to in-
crease the bit life. As can be seen in table A-5, the thrust was increased
during run number 7. Four thermocouples were mounted on the rock sample
to sense rock temperatures during drilling. These rock tempecratures are
plotted in figure A-14 while the bit matrix temperatures are plotted in figure
A-15. The test runs were stopped when the penetration rate dropped to 1.8
in/min and the bit temperature reached 400°F. Examination of the bit showed
extensive face wear and loss of diamonds on the ID after a total penctration
of approximately 40 inches.

A.7.3.3 Conclusions
These tests have demonstrated the basic ability to extend drill bit life by

controlling temperature. During test runs at full power (runs numbers 2-8),
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TABLE A-5
SUMMARY OF DRILL BIT TEST DATA

Bit No. 23
Test Run 1 2 3 4 5 7 8
Rotary 930 920 | 920 920 920 920 920
Speed,

RPM

6.88

Torque, [|8/3 t03]5.9 16.70 |--- |6.25 (3in) 5.0 6.7
b -1t 6.27 6.70 (3in)
Maximum 250 365 | 300 |350 | 400 (3 in) 340 (3 in) 400
Temp °F 340 (3 in) 380 (1.5 in)
Penetra- 1.0 1.8 J1.0].751.75 (3 ink. .375 (3 in) | .62510
tion Rate,r .625(3 in) .25 (1.5in)] .125
in/min
Thrust, >400 400 | 250 |250 250 250 (3 in) 400
Ib. 325 (1.5in)

it was noted that the water coolant tended to spurt out of the coolant chamber

due to cavitation.

measure of the drilling energy breakdown.
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A.7.4 Drill Bit Life of Water-Cooled Diamond Core Bit and - Spiral
Surface Set Bit ————e

A.7.4.1 Introduction

From March through June, 1956 five additional drill bit life tests were
performed, Three of the bits used were similar in construction to the bits
used for the tests reported in paragraph A, 7.3 (water vaporization cooling).
However, in these tests, waier was circulated through the bit for cooling.

The last two bits tested had the spiral surface set design used previously,
however, the diamonds were oriented in the direction of cutting. The gage
stones were an approximate cubic and the face stones were actahedral.
A.7.4.2 Tests Pecrformed At Aerospace Test Center

Tests to determine the maximum drill bit life while operating in air at a
matrix temperature of 300°F or less were attempted during the month of
March and April at the Aerospace Test Center. The three drill bits under
test were the spiral surface set type having selected and oriented diamonds in
the crown. The bits were cooled by a forced water system,

a. Bit No. 24 - At the beginning of the test, it was found that the bit
would not penetrate at more than 0.5 in/min. The test was stopped and the
drill bit was removed for inspection. An 2xamination of the bit revealed that
both this bit and its backup were "matrix-ibound. " That is, a majority of the
diamonds were completely covered by the matrix material (tungsten carbide)
and thus had no cutting exposure, Even though the first test bit had previously
been water-honed to increase the diamond to matrix clearance, the honing
process had failed to remove the excess matrix from the ID gage stones,
Therefore, the bit did not cut properly.

b. Bit No, 25 - Before this backup test bit was run, it was decided to
sand-blast the bit crown to increase the diamond exposure. This sandblasting,

which wa3 done by a contractor outside of We stinghouse was not performed

properly and the bit was damaged.
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Both drill bits were returned to Longyear for inspection by a diamond
expert. Steps were also taken to insuré“tii%:tie diamond bit manufacturer
would correct manufacturing defects such as matrix-bound stones.

c. Bit No, 26 - During a checkout of the test setup prior to test start-
up, it was found that water leakage was occurring at a number of places in the
bit cooling chamber. Temporary patching with soft solder was performed and
a pressure test of the bit was made. At this point, the bit was deemed ready
for drill tests,

Drilling proceded normally through precollared 6-in basalt samples until
a total depth of 35 inches was attained. During this time, penetration rates as
high as 2-in/min were recorded with bit matrix temperatures never exceeding
250°F, Effective cooling was obtained by maintaining a 0.3 gpm flow of
water through the bit cooling manifold, At this point, however, the pene-
tration.rate abruptly dropped to less than 1/4 .in/min. Testing was stopped
and the bit was removed and inspected. Even though the face stones appeared
to be in good shape, the condition of the ID gage stones could not be deter-
mined because of the presence of the sqlder. The solder was then removed
and drilling attempted, but no appreciable penetration was noted, The drill
bit was again inspected and appreciable wear on the ID gage stones as well as
loss of some of these diamonds was observed,

Steps were taken to determine why the drill bit failed so abruptly after
35 inches of penetration and how to insure that a reoccurrence of this
failure will not take place, The two possible causes were: (1) poor manu-
facturing techniques, particularly in the orientation and embedding of the ID
gage stones, (2) the detrimental effects of the solder used to patch the leaky
bit. Diamond experts were asked to inspect the subject bit for signs of
graphitization as well as to check the quality and orientation of the diamonds.
The bit manufacturer was notified of the difficulties encountered during testing,

This terminated the bit life testing at the Aerospace Test Facility. How-

ever, the information gain in these tests was factored into the construction
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of two more bits that were tested at the Bure:g.gwg:{%Mines. The Bureau of
Mines test of these two bits is contained in the following paragraph A.7.4.3,
A.7.4.3 Drill Bit Life Tests At Bureau Of Mines

Arrangements were made to conduct life tests of the latest drill bit design
at the Bureau of Mines, Twin Cities Research Center during the month of
June. This latest bit design was based on the recommendations of Dr. Long
and Pflieder* after their analysis of the previous bit (bit no. 26), which
failed at 35 inches. The following changes were made to the bit:

a. The cubical gage stones were reoriented so that the thrust is
applied to an edge of the cube rather than to a corner as had previously been
done,

b. The previous test drill which used dodecahedral face diamonds
.has been replaced with one using octahedral stones,

c. The bit annulus shape and size was modnhed to obtain a better
mechanical connection between the bit crown and shank. This change should
prevent the type of water leakage observed during the last bit test.

The length of the test bits was increased to 15 inches which would permit
12-inch continuous cuts to be made. However, only 8-inch continuous cuts
were made due to the limited stroke of the Carlton Radial Arm Drill used for
the test. The auger depth had also been increased to 0.030 inck which was the
depth to be used for the engineering model auger flights.

During bit life tests, the parameters that should be measured to allow
analysis of drill performance, the data rate required and expected range of
parameters are listed in table A-6,

This test series was instrumented as shown in table A-6. However, in-
strumentation difficulties were encountered during the test preparation and
first test run, preventing the temperature gradient across the matrix and the

torque to be measured. A readout of the bit matrix temperature was obtained

* Dr. A.E, Long, Bureau of Mines, Washington D.C,
Dr. E. Pflieder, Chairman of the Dept. of Mining, University of Minn.
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DRILL PERFORMANCE MEASUREMENTS

TABLE A6~

(3) Thermocouple
(4) Thermocouple

input water line Recorder max,
Recorder max, AT, 0-30°F

Output water
line

*
Range of
Parameter |Instrumentation |Location Data Rate Variables
Torque Strain Gage Swivel joint Continuous 0-10 1b-ft
Adapter
RPM Strobotac Drill Shaft l/min‘ 800-1200 rpm
Penetration |[Stop watch, scale, ) 1/4 to 3 in/
. ——-- 2/min .
Rate & linear pot, min
Thrust Fixed at Test cee- ceea 300 to 400 1b
Start

Temperature{(l) Thermistor |Bit (matrix ~ | Cont, 100-600°F

' (2) Thermistor |Bit (manifold) | Cont. AT, 0-50°F

Flow Rate

Flow meter

Input water
line 1/min

0.02-0. 3 gal/

min

* At penetration rates of greater than 1 in/min the
data rate was adjusted to yield 10 to 12 readings

per run.
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for the first 30 seconds of drilling. This temperature reading indicated

a stabilized matrix temperature of 300°F, which coincided with previous
temperature measurements, During the whole test series, the water coolant
was maintained at a constant 0. 3-gpm flow rate.

An examination of bit no, 27 before testing revealed that two of the three
segments making up the face were raised above the third segment. During
rock coring with this bit, chattering and excessive runout were noticed. The
initial penetration rate was 2.9 in/min at 400-pound thrust and 1140 rpm. At
end of life, the cumulative penetration was 41-1/4 inches. At this time, an
examination of the bit revealed signs of rubbing on the matrix of the two
raised segments and little sign of wear on the third segment.

Before bit no, 28 was tested, the runout was carefully brought within a
iolerahce of 0.005 inch and the face inapected‘.r ‘Both of these factors which
has affected the life of the first bit (bit no, l) ;;re not present during the
test of the second bit (bit no, 2). To reduce the penetration rate, the bit
was {irst run at 300-pound thrust and 820 rpm. Drilling was smooth through-
out the test and all cores taken were exceedingly smooth. The initial pene-
tration rate was 3,0 in/min and with an increase of thrust to 400 pounds
after 20 inches of penetration; the rate remained at or above 2 in/min for the
following 70 inches of penetration (Cumulative depth = 90 inches). The totavl
bit life for bit no. 28 was 123 inches of penetration. It is felt that if this bit
had been used to drill a continuous 10-foot hole instead of a number of 8-inch
holes, the bit life would have been appreciably increased.

The curves of penetration rate as a function of cumulative distance drilled
i8 shown in figure A-16. This curve shows the average penetration for each
core and the contrasting difference between ''wearout' of bit no. 28 and the

catastrophic failure of bit no, 27.
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A.8 LUNAR DRILL BIT TESTING DURING SYSTEM PREACCE PTANCE
TESTING

A.8.1 Purpose

The purpose of the bit testing during this period was to check the bit's func-
tion as an integral part of the Lunar Drill System and to check a slight design
change. Bits 29 to 34 were essentially of the same design as bit 28 which
drilled 123 inches in basalt except that the crown surface was interruped by
five chip channels instead of three to provide more channels for chip removal
to the bit circumference. The number of anger flights was changed to corre-
spond with the number of channels.
A.8.2 Test Plan

The test plan for testing the bits during the System Preacceptance Testing

is prescnted below. The test plan was followed until the equipment problems

occurred.
TEST PLAN
LUNAR DRILL BIT TESTING DURING SYSTEM PREACCE PTANCE
TESTING
1. PURPOSE

To confirm that the drill bit design will permit a 50-inch hole to be drilled
in basalt and to evaluate the overall performance of the previously integrated

lunar drill components.
2. PROCEDURE

2.1 PREREQUISITES
The complete unit will have been integrated, mounted and tested and appro-

priate temporary fixes of problem areas before the subject tests commence.
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2.1.1 Auxiliary Equipment

The following support equipment is required:

a. 100-volt power supply, regulator, and circuit breaker

b. 28-volt regulated power supply

¢. Motor starter

d. Means for breaking and retrieving the core and broken core pieces

after each bit withdrawal,

2.2 REQUIRED INSTRUMENTATION AND DATA

The following instrumentation shall be provided and the resultant data

recorded to check out the performance of the lunar drill bit and engineering

mode (table 2-1).

TABLE 2-1
REQUIRED INSTRUMENTATION AND DATA

ammeter

2. Thermocouples
3. Thermocouples

4. Strobotac

5. Feed Rate Sen-
sor Penetra-
tion Rate

6. Thrust Sensors
on Frame

7. Thermistor

AT motor coolant| Recorder

AT bit coolant
RPM

Thrust

Recorder

Hand

Recorder

Reccrder

Bit temperature Recorder

Instrumentation Data to be Recording Recording
Recorded Method Frequency
I. Volimeter and | Input power Hand 1-reading unloaded

l-reading during
each feathering
operation !-reading/
min other times

Cont
Cont

l-unloaded l-each
feathering operation
1/min other times

Cont

Cont

Cont
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TABLE 2-1 (Continued)

Data to be Recording Recording
Instrumentation Recorded Method Frequency
8. - Diamond condi- Visual Every bit
tion ' withdrawal
9. Thermometer | Ambient tempera-|{Hand Once
ture
10. Flow meter Motor coolant Hand 1/minute
flow rate

2.3 CPERATING CONDITIONS

Earth ambient temperature and pressure will be the operating environ-
ment.

2.4 TEST SEQUENCE T

Upon completion of the mounting of the drill system and installation of
the rock sample, support equipment, and instrumentation, the following test
operational procedure is to be followed to drill a 50-inch hole in basalt and
break and retrieve a portion of the core,

1. Feather hole to the depth of 3/8 inch. The hole is to be feathered in
using a nontest bit operating at a 1/4-inch feed rate and approximately €0
pounds of thrust. The bit reed not be cooled by an internal coolant. The
steadying bushing shal! ue ‘loyed. Observations should be made of the
drilling pararaeters indicated by the control unit and the operating characteris-
tics of the feed rate sensor, the steadying bushing- cure barrel combination,
drill frame, and motor coolant. These results should be recorded.

2. Install the experimental core barrel and bit no. 1 combination with the
repositioned internal thermistor afier ensuring its water tightness and elec-
trical continuity. Do not install the inner core barrel.

3. Lower bit so that its crown is approximately in the same plane as the
rock surface and above the hole feathered in step 1. Start water flow thrcugh

the drill string at a rate of 0.1 gallon/min at 30 psi maximum.
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‘4. Start drill in feathering mode~{1/4 in/min and 40-pounds thrust and drill
rotating). Feather in again 1/4 inch beyond the first feathering depth.

5. Increase feed rate slowly to 1-1/2 ir.,/min, then increase thrust setting
slowly to 400 pounds. Mark exact depth on measuring tape attached to the
drill drive mechanism at the start and finish of each drilling increment,

6. At the 6-inch hole depth, retract the drill. Back-ream for the first
1/4 inch only.

7. Retract the drill to the highest point of motor gearbox travel. Photo-
graph the drill bit,

8. Examine the drill bit,

9. Probe for and remove any stone chips which may lay in the kerf.

10. Start drill rotating and mmove it down in the feathering mode over the
. core for the first 1/4 inch. Stop drill rotation and. slide.it down over the core
unitil 1/2 inch from previous drilling stop point at a rate of 4 in/min.

11. Start drill in the feathering mode and drill in that mode for 1/4 inch
after contact with the solid rock is made.

12. Increase feed rate slowly to 1-1/2 in/min and increase thrust slowly to
400 pounds. After drilling 6 inches (for a total of |1 foot), increase fced rate
slowly to 3 in/min.

13. If the drilling operating appears satisfactory, increase the feed rate
to 4 in/min. After drilling about 6 inches, clean the chips from the rock
surface. Continue drilling until the 18-inch hole depth is reached.

14. The drill bit should be withdrawn with the drill control set to BACK
REAM for the first 1/4 inches only.

15. Retract the drill bit to its highest position.

16. Examine the drill bit.

17, Insert core breaking wedge and break core. Extract core.

18. Vacuum hole and extract any large chips not picked up by the vacuum

device. Probe for and remove any stone chip which may lay in the kerf.
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20. Lower drill without rotating until 1 2 inch from o}
of 4 in;min and start drill in the feathering moce. rillin this anode for
1/4 inch after contact with the solid rock is mace. ~

21. Increase feed rate slowly to 3 in, min and increase set thrust slowly
to 400 pounds.

22, 1If the drilling operation appears satisfaciory, increasce feed rate to
4 in/min, After drilling 6 inches, clearn chips from rock. Continue il
the 30-inch hole depth is reached.

23, Withdraw the drill bit with the drill set to BACK REANM tor the tivst
1/4 inch orly. 7

24. Retract drill bit to its highest position.
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26. Probe for and remove any stone chips which may iav in the kert,

27. Ascertain height of core stub from the ro k surface.

28. Lower drill w at rotating antil 1 2 inch from top of stub at o0
4 inches/min and sta drill in the feathering mode. Drll e b anode wntal
1/4 inch past top of stut  Stop drii! rotatios and =lide drill down over the
core untii 1/2 inch from previous drill stopping point st o rate of 4 i 1,

29. Start drill in the feathering mode and drill in that mode tor 1 4 aach
after contact with the solid rock is made.

30. Increase feed rate slowly to 3 in/; min and increase thrust stowly to
400 pounds. If the drilling operation appears satisfactory, increase feed
rate to 4 in/min, After drilling 6 inches, clean chips from the rock surtace,
Continue drilling until the 42-inch hole depth is reached,

31. Withdraw the drill bit with the drill set to BACK REAM for the first
1/4 inch only,

32. Retract the drill bit *o its highest position.

33, Examine the drill bit.
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34, Insert core breaking wedge and brzak the core. Extract the core.

35, Vacuum the hole and extract any large chips not picked up by the
vacuum device,

36. Ascertain height of the broken core stub from the rock surface.

37. Spread waterproof covering over entire top of rock, secure the drill
cooling system and remove swivel joint.

38. Insert inner core barrel in outer core barrel with hoist and overshot.

39. Replace swivel joint.

40. Start the drill cooling system and allow to run.

4]1. Wipe dry the drill rig and carefully remove the waterproof covering
so as to keep water from entering the hole.

42. Lower the drill without rotating until 1/2 inch from top of stub at rate
of 4 in/min and start drill in feathering mode. Drill in this mode for 1/4
inch after contact with the solid rock is made.

43, Increase feed rate slowly to 3 in/min and increase thrust slowly to
400 pounds. If the drilling operation appears satisfactory, increase feed
rate to 4 in/min. After drilling 4 inches, clean chips from rock surface.
Continue drilling until 50-inch depth is 1eached and ream in place for 15
seconds,

44, Set drill in break core mode and break the core.

45, Remove the swivel joint and lower the overshot until it mates with
the contract plate of the inner core barrel.

46. Inch up until hoist cable is taut. Then permit hoist o lift the inner
core barrel. Remove the inner core barrel from the hoist.

47. Withdraw the drill bit to its highest position.

48. Examine the drill bit.

49, Remove the core from the inner core barrel.
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A.8.3 Bits 29, 30, and 31

These bits did not meet the quality control specifications, but were
utilized to obtain as much data as possible. Bit 29 exhibited some auger
flights mismatch with that of the core barrel. Excessive torquing with the
Parmalee wrenches resulted in the crown separating from the manifold at
the braze line. The bit was repaired locally but had excessive runout and
was employed only as a feathering bit.

Bits 30 and 31 were instrumented by inserting a thermistor in a radial
hole drilled in the exterior of the matrix. As each bit was used, the signal
leads were run up under one auger flight and sealea in place with epoxy cement.-
The leads then entered a modified core barrel adapter. Each of these bits
had to be rescaled with a solder because of water leaks at the braze line. Each
of the bits had excessive runout (approximetely 0.015-0.020 inch) partly
due to the excessive torquing to line up the auger flights and to make the bit-
core barre}l seal and partly due to manufacturing anomalies,

Both bits failed during featheriny due to the 1) page stones pulling out
possitly due to the runout effect or. 1ndividual stones +nd to vibration result-
ing from the runout.

A.8.4 Bits 32, 33, and 34

A.8.4.1 Introduction

These bits were made in accordance with the standards and dra'wvings
shown in figure A-17, However, these bits also had minor deficiencies which
had to be corrected prior to use. The bits were examined by Dr. Long,
US Bureau of Mines for quality of workmanship, orientation and type of
crystal, The stones appeared to be well set although the orientation of the
stones could have been improved. There was a blockage in bit 33 which had
to be corrected and there were some oversize threads. The runout was held
to less than 0.002 inch.

A 52-inch piece of basalt was procured from Dresser Wisconsin quarries

with a Shore hardness of 79 and a compressive strength of 43, G40 psi. It
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was mounted in concrete and bolted to the floor. The surface had been sawn
flat (see figure 1-1)., Bit 29 was used to feather the hole to a depth of

3/8 inch. The experimental core barrel could not be sealed to bit 32 or to
the adapter.

It was decided to drill without coolant for the following reasons:

a. It was difficult to make the adapter core barrel and core barrel bit
joints watertight for a gravity head. After several attempts with the copper
gaskets, the string still leaked badly.

b. The lack of integrity of the water channel seal was shorting out the
bit instrumentaticn.

c. A review of the reports of previous drilling tests and particularly
of the Bureau of Mines 10-foot test showed that approximately 500 watts were
being removed from the bit and auger flights by the water cooling. A matrix
area vs the auger flight area comparison indicated that the bit matrix
contributed probably less than 50 watts to the water cooling system. Since
the chips carry the heat away from the cutting surface, the bit and auger
flight system probably would stabilize at a slightly higher temperature but
still considerably under crown temperatures which would prove damaging.

a. There were three test bits available. In view of the delay in the
shipping of a deliverable core barrel, which was to be used in the testing
of the grease-coupled instrumentation contacts which tied in with the ade-
quacy of the water sealing approach, a possible sacrifice of one bit to
get system operation information appeared to be a good risk.

e. The potential weight reduction and reliability improvements in taking
the "no coolant'' approach also made the risk of the possible loss of one bit
quite palatable. These were:

(1) Elimination of leaking problems
(2) Examination of the rotary joint
(3) Elimination of the radiator hoses and valves

(4) No lunar environment-coolant interface problems
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(5) No coolant weight

(6) Elimination of the erection time for the radiator and hoses, rotary
point, valve assembly

(7) The elimination of handling of the rotary joint, valve assembly,
gaskets, etc, during drilling.
A.8.4.2 Test Procedure

a. The thermistor output was calibrated against a known temperature
applied to the bit. The heat was applied by burying the bit in a bucket of
sand heated by an electric heater. The bit exterior face was checked by an
attached thermocouple,

b. Thermal paints were applied in small thin dabs to cover the expected
temperature ranges.

c. Bit 29 was used to collar a new hole to a depth of 3/8 inch.

d. Bit 32 was feathered in for another 1/4 inch and then a feed rate of 1
in/min was set. After one inch, the bit was removed from the hole and
examined and a replica made. The recorder indicated that the temperature
did not exceed 340°F internally and the thermal paints indicated that the
external surface did not exceed this figure. The matrix was cool enough
to keep one's finger in contact with it when the string was removed. The
core barrel at about 5 inches up from the matrix was too hot to touch.

e. Another 2 inches were drilled before the drill shut off due to a core
block signal. Examination of the bit thermal paint showed again that the
350°F was not exceeded, However, there was a burned area on a bit
auger flight just above the matrix and another area above 3/8 inch above the
bit-auger flight junction, Some of the dental cement sealing this junction
(filling a space of some 0,030 inch caused by the internal gasket used to
line up the core barrel internal channels with the bit channels) had extruded
out and may have caused some chip stoppage. In the ID of the bit, the
copper gasket has extruded slightly, but appeared not to be hitting the core.
The auger flights between the bit und core barrel were no* exactly lined up.
This offset was required to compensate for corc barrel faults and to line up
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the internal channels to get the instrumentation leads to the bit. The experi-
mental core barrel had the normal signal channel blocked and a shielded set
of signal leads had to be inserted through a water channel.

f. The bit-core barrel combination was removed. The stones were
exar ined under a 15X magnification and showed no damage except for the
chip fractures. These had occurred during an earlier feathering and had
been reported by Christiansen Diamond Products during the rework of the
bit. The bit-core barrel combination was then indicated for runout - first
using V-block supports and then held in a collet in a lathe. It was appareat
that the bit axis was at a small angle to the core barrel axis; the core
barrel was not circular in cross section and was larger in diameter at some
points than the OD gage stone circle. The bit tilt with respect to the core.
barrel wae reduced by putting in a nonextrudable stainless steel washer
of a thickness calculated to even up the auger flights. The instrumentation
had to be removed to accomplish this because the bit and core barrel in-
ternal channels would no longer line up when the flights lired up. The bit
and barrel were then set up in a lathe and the auger flights were ground
for the first 18 inches until they were 0. 005 inch below the highcst OD
diamond exposure at all points.

g. A second drill run was attempted, using thermal paints as teniperatere
indicators. At ] in/min feed rate setting and 175 pound thrust, the bit
would not cut, There was another control cutcff related to underfeed. Ex-
amination of the bit showed sorne minor stone burnishing,

h. Bit 33 was attached but could not be made to cut without system
shutdown. A check indicated that the upper thrust limit was set tou low.
The drill system drilled well at 1/4, | and 2 in/minute. Bit 33 vas usec
to drill an additional 3 inches. At this point, the drill motor failed. At no
time did the bit, when cutting, go over 350°F, At each drill strirg with-
drawal, which occurred less than | minute after rotatic.a ceased, the bit

flights were touched with no real discomfort as the bit came vut of the hole.
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Bit 33 was examined and appeared in good condition. The air-cooled
nmotor was installed and a temporary fix for a solid lubricant idler gear
and bearing retainer failure was made. The gear box was lubricated, where
the idler gears were removed, with a grease made of Apiezon H grease,
zinc oxide and molybdenum disulphide in proportions by volume of 8:3:1.
Drilling was resumed using bit 32 for another 3 inches. Drilling was
stopped to replace a loose screw in the motor pinion. Drilling was resumed
to a depth of 22 inches, The bit had bound in the hole due to a chip blockage.
The blockage apparently caused a binding action which created frictional
heat. The heat expanded the bit until it bound against the side of the hole.
The abrupt stoppage had torqued the bit further onto the core barrel forcing
the inside structure of the bit downward and cracking the crown (see figure 2-4).
The bit stones still appeared to be in good condition.

A.8.5 Acceptance Demonstrations

A new hole was collared using bit 29, in the presence of Mr., Bruce Hall,
Corps of Enginecrs, who was observing for NASA, Huntsville, using a feed
rate of 1/4 inch/minute and a 60-pound thrust. Bit 33 was sealced by un-
conventional means to the experinicntal core barrel and filled with water, A
hole 6-11/16 inch deep was drilled, but the test was stopped ~hen a thrust
sensor failed. Upon drilling resurmption an unusual vibraticn occarred,
Examination showed that water had leaked into the hole productinge a ¢hip mnad
which appeared to cause the bit and ccre barrel to seize intermittently.

A new hole was collared using bit 29 in the presence of Messrs Lundy and
Tepool of NASA, Huntsville. Bit 34 was used on the experimental core barrel,
but no water cooling was employed. |

A hole 2 inches deep was drilled. The drill string was raised and the bit
inspected. Another 3 inches was drilled and then the inner core barrel was
installed. The hole was deepened another 1.2 ihches for a total of 6-1/4
inches. The core was broken and recovered. The core was in one piece

and very srivoth.




All drilling other than feathering was performed with a feed rate of 2
inches/minute and 250-pound thrust command settings. The bit appeared to
be in excellent condition.

A.8.6 Conclusions

The limited degree of hole footage during System Preacceptance and
Acceptance Demonstration testing appears to indicate:

a. The hole should be collared with a separate bit.

b. A steadying bushing should be used for the initial core barrel length,

c. The maximum feed rate for good operation seems to be at a feed rate
command setting of 2 inches/minute.

d. The bit and core barrel must have 0.005 inch minimum clearance be-
tween the highest OD diamonds and auger flights to elevate the chips without
binding.

e. The juncticn of the bit-core barrel must be smooth or chip binding
will occur,

f. Whether the bit is cooled with internal coolant or not, the temperature
of the matrix and auger flights does not rise above 350°F with normal
chip removal,

g. The addition of water to the chips in the hole produces a chip binding
action,

h. The core barrel and bit must have extremely close tolerances with
respect to out of roundness, bowing and twist,

i. The bit matrix should be in a plane as perpendicular to the axis
of rotation as mechanically possible.

j. Care must be taken in assembling the bit to the core barrel rot to
distort the bit with the wrenches,

k. Once the hole is feathered, the drill bit should be brought immediately
to the drilling settirgs.
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APPENDIX B

FEASIBILITY OF ROTARY JOINT OPERATION IN VACUUM
ENVIRONMENT

B.1 INTRODUCTION

The thermal control system for the Westinghouse concept of the lunar
drill requires a transfer of fluid and vapor from a stationary rad.iator and
reserve.r to a rotating drill string., Westinghouse has (onsidered two swivel
joints - the Type E Barco Joint and the Type S8 Johnson Joint, With slight

modifications either one of (ht‘&P»_iUlnt! could be used for the drill model, In.

either case, a self-seating carbon to steel neal should be used.  This appendix

R "

Adescribes the -test—of a Barco f{{x E Rotary Tuint under vacuum gondit’ions.

The test was conducted at the Westinghouse Aerospace Test Center or 19
November to | December 1965 vy representatives of the Westinghouse lunar
drill program team.

The rotary joint under test was .« Type E Rotary Joint muanufactured by the
Barco Manufacturing Company for the E.J. Lasgyear Conipiry, The joAint
was modified by the addition of . teflo: O-ring to provide o ~tatic seal com-
patible with the vacuum environmert. lThe priniary moving seal is self-
aligning carbon to stainless steel, which is capable of operation at 250 psi,
A detailed description of this seal is found in paragiaph 2.2 of the Third
Progress Report,

Rotation of the seal under vacuirn was provide { by a |, 2-hp, 840-rpm,
induction motor. The vacuum environment was provided by two different

vacuum systems in order to allow testing at two discrete vacuum levels, For



a pressure level of 300 microns, a 30-inch diameter by 5-fczt long reentry
chamber having a mechanical pump rated at 20 microns pressure was used.
For higher vacuum tests (1x 10-4 Torr), a 3-foot diameter by 4-foot long
thermal vacuum chamber using two oil diffusion pumps capacle of 1 x 10.8
Torr operation was used.

The setup used in both test chambers was basically the same. A tube
and pressure gauge were added above the joint housing and rhe joint rotary
shaft was connected with a flexible coupling to the miotor output shaft.
B.2 SUMMARY

The operation of a rotary joint with an internal pressure of 250 psi has
been demonstrated at vacuums of 200 microns and 1.6 x 10’4 Torr respec-
tively. The measured leakage rate was 0. 85 gram’/hr with obscrvable
leakage taking place only at the beginning of pumpdown. Once the vacuum
chamber being used reached its end pressure, the rotary joint was rotated
at 840 rpm for at least 30 minutes. During this period no leakage or ice
formation was observed. Visaal examination of the dynamic seal did not
show any evidence of deterioration due to ice.
B.3 TEST PROCEDURE

For each test the rotary joint (jo:rt no. 1) w.= tesied with dry nitrepernan
carth atmosphere for leakage at 256 psi. The joint was then filled with water
(sbout 20 ml) and pressurized to 235 psi (250 psi at vacuum) with dry nitrogen,
\t t1i~ point the rotary joint, pressure gage, and associated piping were
woiched to an accuracy of 0.01 gram. After runs of at least 30 minutes at
~i. -um and 250 psi under vacuum, ihe apparatus was reweighed and the
i+ vo rate calculated,

H.tk vacuum chambers used for testing were equipped with a wincow which
Jdlowed oh=ervationr of the rotary joint and prescure gage throughout the
i ~t~. The temperatore of the rotary joint housing, motor frame, and motor

vil panp were monitored by means of thermcoouples.




a. For this preliminary test the vacuum chamber was pumped down
and checked for leaks. The rotary joint apparatus was filled with water,
pressurized and installed in the chamber. At this time a pumpdown was
initiated. At the very beginning of the pumpdown, a few drops of water were
observed coming out of the joint housing. This slight leakage, which was
probably due to water that had been forced through the seal when the joint was
pressurized, stopped after 30 seconds. No leakage was observed for the
duration of this first test (105 minutes). The gage pressure was monitored
during this test, but leakage rate was not measured. The temperature and
pressure of the rotary joint rose to values of 176°F ana 267 psi respectively
indicating a tight seal at a chamber pressure of 300 microns Inspection of
the dizassembled rotary joint at the end of this test revealed the presence
of a graphite and water emulsion on the inside of the joint housing.

b. A second test in the vacuum chamber was periormed with the rotary
joint cleaned and repressurized at 234 psi. Once again water drops were
observed for about 30 seconds at the beginning of the test. The rotary joint
was run for 105 minutes at a vacuum of 300 rnicrons. Tlnerc was ho leakage
observed for the duration of the test as the temperature and pressure of the
joint rose to 182°F and 255 psi respectiveiy. Measured water loss was 1. 49
grams or 0.85 gr/hr. A plot of the vbserved rotury Joint temperature rise
is showr in figure B-1. At the completicn of this test the graphite water
emulsion noted earlier was not in evidence.

c. For this test the apparatus was pressurized and installed in tne
thermal-vacuum chamber. To prevent possible frosting the seal was kept
at 100°F with a strip heater wrapped around the swivel joint housing. The
chamber was pum:ped down to a pressure of 1.6 x 10—4 Turr before the rotary
joint drive motor wae turned on. During this 35-minute test, the vacuum
pressure leveled off at 3. 0 x 10-4 Torr as the rotary joint tempe:ature and

pressure reached values of 198°F and 284 psi respectivelv. D1ta taken
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during this test is plotted in figure B-2 to show the direct correlation of
pressure to temperature. There were no signs of leakage or ice formation
observed while the chamber was in the 10°4 Torr range. As in previous tests,
a few drops of water were observed on the edge of the rotary joint housing at
the beginning of the pumpdown. No emulsion was found on the inside of the
joint housing.

B.4 CONCLUSIONS

The subject tests indicate that a Barco Type E Rotary Joint has a low
enough leakage rate to be compatible with the Westinghouse lunar drill con-
cept. Because of the low leakage rate observed with respect to the mass of
the seal the formation of ice was not in evidence. More specifically, frosting
did not occur because the total heat in the 2-ounce dynamic scal when stated
at ‘room temperature, more than overcame the heat loss due to a phase change
occurring as the measured 0.8 grams per hour of water was lost. Once the
seal began to turn, additional heat was generated by friction at the face of the
seal. As was demonstrated in the third test described in this report, prior
to startup, the seal can be kept at room temperature by means of a strip heater
surrounding the joint housing.

The loss of water observed at the initiation of the pumpdown for cach test
may not have been leakage from the dynamic seal itself. Instcad, while the
joint was being filled with water and pressurized, a few drops of water may
have adhered to the back side of the seal. With a reduction in pressure this
water would leak out as was obse:rved.

The presence of a graphite-water emulsion was observed only at the end
of the preliminary test run. This effect would be expected since the self-
seating carbon to steel dynamic seal must seat itself during its first few
minutes of operation. The final seal is made when the carbon seal face
wears until it makes full contact with the steel face. During tests of the
rotary joint, the only wear noted on the dynamic seal was at the run-in

period.
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The calculations below show that the water leaking from the joint could
not freeze during the one hour operating period. The basic problem involved
is to determine if the amount of heat present in the joint is sufficient to keep

the water above the freezing temperature. Expressed in equation form:

WC At = W _C At
s ps 1 w pw 2
where:
Ws = welight of steel - 2 oz,
ps = specific heat of steel = 0. 11 Btu/1b°f,
At = T -T
1 8 o
Ts = temperature of steel
TO = equilibrium temperature of steel and water
Ww = weight of water = 0.8 gram for 1 hour
pw ° specific heat of water = 1
At = T -T
2 o w
Tw = temperature of water corresponding to vacuum temperature

These equations neglect the frictional heat of the rotating joint and hence,
represent the worst case.

Six conditions were investigated which represent the beginnir.g of cach
run (worst case so far as frost forming is concerned) and after the joint
reached an equilibrium temperature in a vacuum of 0.3 Torr to 10-4 Torr
the sample calculation for one condition is shown below and the resulting
equilibrium temperature for the conditions considered is summarized in
table B-1,

Sample calculaton: Joint at room temperature - 0.3 pressure

w = 20z = 0.1251

s
T = T0°F

s -3
Ww = 0.8gram = 1,764x 19 " 1b
Tw = 22°F (corresponds to 0.3 torr)
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TABLE B-1
EQUILIBRIUM TEMPERATURE OF ROTARY JOINT AND WATER
LEAKAGE AFTER 1 HOUR

Joint Temperature at Equilibrium Temperature

Start of Run l:;e::;;re After 1-Hour Running
(°F) (°F)
70 0.3 +59.5
70 10-3 +50.1
70 10-4 +47.1
169 0.3 +147
169 10-3 +138
169 10-4 +135
0.125x 0.11 4t = L.7ux 10-3 x 1 x at,
0.013.754t - 1.76x 1073 at, = 0
At + At, = 70 -(-22) = 92

1 2

l.76x10-3Atl + 1.76x 10-3Atz = i.62 x 10'1

15.51 x 10> at = L62x 107}

Atl = 10.5
70-T_ = 10.5
0
T0 = 59,5°F

Equilibrium temperature of water and joint is 59. 5°F which is well above
freezing.

B.5 ROTARY SEAL ACCEPTANCE TEST

B.5.1 Requirements

The references in paragraph 2. 1. 3b of the acceptance test agreement in
this report proved to be incorrectly stated. These references should be
Progress Report 4, Appendix C and Progress Report 8 paragraph 10.3.2.,

page 42. These changes were incorporated in the revised test procedure.




B.5.2 Revised Test Procedure
B.5.2.1 Purpose

The purpose of the test was to evaluate the performance of a test unit of the
rotary joint for the lunar drill engineering model. The unit with the trans-
former in place will be run in a vacuum environment at an internal pressure
and temperature commensurate to those parameters set forth for the engi-
neering model thermal control system (1000 rpm, 15 psi).

B.5.2.2 Procedure

B.5.2.2.1 Static Leakage Test. - Fill rotary joint with water and pressurize

unit with nitrogen to 15 psi above ambient (30 psia). Allow the unit to sit over-
night while pressurized. If there is no drop in gauge pressure, proceed to
vacuum testing. If an appreciable loss of pressure is evident, repressurize
the rotary joint-and determine the point or points at which leakage is occurring.
Once the leakage has been corrected, the static test should be repeated.

B.5.2.2.2 Vacuum Leakage Test. - With the rotary joint filled with water

(water level should be set above the pressure gage but below the pressurization
valve) and sealed at 0 psig, the unit should be weighed to within 0.1 of a gram
and mounted in vacuum chamber. A pumpdown to the 1 x 10-4 Torr range
should then begin. During the pumpdown period, the quartz lamp nounted in
the chamber is to be used to bring the test unit up to 212°F a4s measured by
a thermocouple mounted on the rotary joint housing in ciose proximity to the
dynamic seal.

Uron reaching a vacuum of 1 x 10.4 Torr and a rotary joint temperature
of 212°F the drive motor should be turned on and the unit run for 30 hours at
1000 £200 rpm. The temperature of the unit should be maintained at 212 to
250°F by intermittent operation of the quartz lamp. The opeiating tempera-
ture should not be allowed to exceed 250°F. If a shutdown of the heat lamp
does not keep the test unit below maximum temperature, tle drive motor is

to be shut down until the temperature drops to 212°F.



Measurements to be made during the test and their corresponding data
rates are as follows:

® Test chamber pressure - 4/hr

® Internal joint pressure - 4/hr

® Joint temperature - i/min (TC recorder)

® Rotary joint weight - Before and after test

With the completion of 30 hours of running time in vacuum, the test unit
is to be weighed to within 0.1 of a gram and the leakage rate in grams/hr
calculated,

B.5.2.2.3 Equipment Needed.

a. Vacuum chamber (1 x 10°% rorr capability)
b. Test unit of rotary joint containing transformer
¢. Quartz lamps (at least 2) and reflectors
d. TC mounted on test urit
¢. Nitroeen bottle
f. Drive motor (1000 £200 rpm)
¢. Pressure gave (0-50 psig) and s=-oviated piplia
h. Breadboard thermistor bridee circait
i. Breadboard signul conditioner
1. Revorder tor TC ard sipnal corcitiones
Fipgvre B-3 shows the test setup.

3. 5.3 Acceptance Test Results

-

A preliminary static testing was performed for a continuous 72-hour puriod
during which the page pressure varied between 21-1 2 and 17-1/2 psia and
3 grams of water were lost. A second static test was performed in 1 totial ot
-1 2 hours from the start of pumpdown., A malfunctioning thermocounle
irdicated lower than 200°F for the major portion of the test. However, seil
vave pressure indications were interpreted to indicate that temperatures from
290 F to 307°F cxisted for the last 5 hours of the test. Pressuros varicec

duringe this period from 58 to <. 74 psia, Five gramic o wat-r sore lost,
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After some preliminary checks and reweighing, the unit was rotated at

‘ to 10-5 Torr vacuum, The

1000 rpm for approximately 8 hours ina 10~
water temperature remained at approximately 270°, and the seal pressure
varied from 33 to almost 70 psia. When the pressure was released on the
unit, an estimated 25 ml of water blew out. The total water loss, including
that blown out, was 63 grams. The test was terminated due to the pressure
being over 70 psia for a period 5 hours, It was found that the seal bellows
had come loose permitting a loss of steam and enabling the bellows to rub
against the bearing. The bearing retainer also was rubbing against an edge
of the rotary joint cap. The frictional heat appuared to be the cause of the
high temperatures aid resultant high pressure.

The bellows was replaced, the joint cap edge was chamfered to relieve
the rubbing on the bearing retainer, and the unit was cleaned and reassembled
with the same seal.
B.5.3.1 Data

The final rotation test in u vacuum w.s run for a total of 25 hours., Fig-
ures B-4 and B-5 show the test data and tipure B-6 shows the re~:ltait cor-
ves.

Examination of the dat: from the subject test indicates the followiny:

a. Slight boil-off «id leakage at 1430 to 1630 hours (2 rours of running
after 2 hours static in vacurm).

b. Sharp rise of motor temperature at 1900 hours caused adced boil-off
and some leakage through the scal, lowering the joint pressure and dropping
its temperature. This, in addition to motor outgassing, resulted in a short
duration rise and fluctuation of chamber pressure.

The sharp rise of motor temperature was urdoubtedly due to increased
friction of the upper beariny retainer rabbing against the housing cap. This
situation relieved it-elf ir. upproximctely 1,2 hours with temperatures and

pressure talling ad cordingly.
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c. System equilibrium was reached at 2000 hours and remained stable
for approximately 7 hours, although at 0200 the chamber pressure fluctuated
due possibly to a small outgassing burst from the motor.

d. At 0245 hours, th joint temperature and pressure and reservoir
temperature began to rise steeply, followed 24 minutes later by a parallel
but minor increase in motor temperature and corresponding rises in chamber
temperature and pressure. These events all peaked at 0400 hours with joint
temperature reaching 299°F and persisting for approximately an hour.

e. The motor and chamber temperatures and chamber pressure dropped
to prepeak values irmmmediately after the peak, indicating that a short leakage
or outgassing burst had accompanied the sudden rise in joint temperature. An
increase in seal face pressure occurred due tn the seal retainer being forced
out of its seat in the housing cap. This, together with chips from the bearing
retainer binding the bearing would cause a large> increase in joint-temperature
with only a small rise in motor load. The high joint temperature could have
been sufficient to allow the inner race of the seized bearing to turn on the
spindle relieving the motor load, but wearing the spindle, and after a fcw
minutes becoming free enough to reduce the friction and associated hcusing
temperature.

f. At 0700 hours the joint pressure had dropped below the initial value
and since the joint temperature was still over 230°F, the indication is that
most of the water had been lost at this point.

g- During the remaining 6 hours, jo'nt pressure remained low and
several fluctuations of jcint temperature indicated a small amount of water
was intermittently being boiled off.

h. The system was dry at the conclusion of the test.

B-16




B.5.3.2 Summary

a. The rotary joint seal test running under vacuum conditions indicated
an overall leakage rate of approximately 8 grams per hour, the major portion
of which occurred after 15 hours of operation.

Y. Mechanical design faults of parts other than the face seal which
appeared to be reusable, were undoubtedly the cause of most of the leakage.

(1) The bearing appeared to be bound by solid lubricant chips

from the retainer. The chamfer on the rotary joint cap is not sufficient to
prevent rubbing.

(2) The bellows came loose from the cap.

B-17/B-18
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FOREWORD

The thermal analyses of the lunar core drill system described in
this report were undertaken under subcontract to Westinghouse Electric
Corporation, Space and Defense Center, Baltimore, Maryland. Because
these analyses were in support of the developmental phase of the lunar
drill, simplifications and approximations have been made to permit
svaluation of the most critical parameters affecting drill system per-
formance within the limited scope of this study. Detailed thermal
analyses of rhe drill system can be carried out waen the operating
parameters, data on drilling mechanisms and the design of the cooling
system are more closely specified.

The authors express their appreciation to Mr. G. Woo, Mr. R. Phillips,

and Dr. J. W. Wild of Westinghouse for their assistance in this program.
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1. SUMMARY

This report summarizes the work accomplished during the period
from September 24, 1965 to January 24, 1966 on the thermal analysis
of the lunar drill system according to the statement of work entitled
“Lunar Drill System-Thermal Analysis" revised and dated August 17, 1965.
A. PURPOSE

The primary objectives of the thermal analysis pro.ram were to:

(1) develop a thorough understanding of the heat transfer in
the cutting 2zone during the core drilling operation in the lunar environ-
ment.

(2) examine analytically the effects of such parameters as drilling
rate, rotational speed, rock properties, drill type and size on the
temperature distribution within the drill bit, rock formation and the
core sample.,

(3) establish the relationships between the heat flow in the
matrix and the temperature distribution near the cooling zone of the
drill.

(4) establish the factors affecting drill performance such as
outgassing and chemical reactions.

B.  SCOPE

To meet the objectives of the program we summarized the available
evidence on:

(1) the lunar environment which may control the drill performance.

(2) the effects of heat generated by drilling on the core integrity.

Dabiia N Wieal. A



(3) drill system operating parameters and drill system thermal
parameters such as the thermal properties of the drill construction
materials, the diamonds, the matrix materjals and the rock surroundi;g
the drill,

The different design concepts for the lunar drill systems served
as a basis for the thermal analyses of the drill system. Results of
analytical procedures based on simpli{ying assumptions were compared
with computer calculations to establish validity of the analyses and to
investigate the thermal behavior of the drill system.

C. SIGNIFICANCE OF THE PROGRAM

The significant results of this program include: the development
of analytical procedures for obtaining temperatures in the drill bit,
evaluation of the cooling requirements for the drill, the mechanism of
heat exchange between the drill shaft and the surroundine rock, and
the heat transfer between the chips and the diamonds.

D. PROGRAM RESULTS

(1) The diamond and matrix temperatures can be maintained below tn
maximum allowable operating temperature by an efticient cocling system,

(2) Eighty to ninety percent of the energy released at the drill
face is carried aviay by the chips.

(3) The design cf the cooling system must achieve heat trensfer
coefficienis high enough to prevent burnout. These ccefficients should

20

be above 50 Btu/hr ft° F.

(4) Core thermal degradation can be restricted to a thin outer

layer of the order of 0.1 inch.

Arthur D.linlr.!iu-.?



(5) The temperature of the rock surrounding the drill decreases
very rapidly to ambien; values within a distance of about 0.2 inch
in both the axial and radial directions.

(6) Experimental data is essential to define drill system operating

parameters, to confirm the assumptions made and to verify the results of

these analyses.



3 11. INTRODUCTION

In the studies of the lunar surface materials, the most important
questions arising vill be the relevance of the data obtained to the
history of the moon. Questions concerning the bulk chemical composition,
particle sizes of loose surface material and bearing strength can be
answered by surface observations. Although knowledge of che bulk compo-
sition, particle size, ¢tc., is necessary, gubsurface sampling must be
done to answer the most important questions. To get the most information
from a drill hole, a core must be taken, for from the core we can
determine the sequence, if any, of deposition or formation of the near
surface materials. Because the core sample is oriented, fracture and
flow patterns can be related to large surface features. Petrofabric
studies (in sulid rock materials) will yield information on the movement
and orientation of miacrals which indicates the stresses present during
and after formation of the Jdeposit, These advantages along with the
obvious advantage of detalled petrologic and chemical analyses make o
core sample indispensible in the preliminary subsurface investicati o,

However, the heat generated by drilling may be a problem especially
if certain mwinerals are present on the moon subsurface. Phyllosilicates,
such as clays, mica, and serpentine, have hydroxylated water and the
removal of this water is encountered by heating. The amount of water
present vaiies almost inversely with its ease of removal. For instance,
serpentine which may contain up to 13% by weight of water as (OH)
starts to loo:e some of this water acound 200°¢ while muscovite, biotite,

and phlogopite mica decompose at about SOOOC. 650C and 1000°'C respectively.
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Silicate minerals of the amphibole series will also lose hydroxylated

water at  temperatures TAnging=

aﬁd micas are products of igneous activity on the earth, where as the
clays and possibly serpentine are products of alteration by hydration
of pre-existing rocks. Therefore, the existence of the micas and
amphibole seem more prdbable on the moon, since hydration processes
are absent there. When hydrated minerals are heated, the temperature
of dehydration is usually high enough to not only remove the water but
to synthesize new stable phases. For instance, serpentine alters to
forsterite + 8102 + “201 Mica alters to feldspar + pyroxene + H20.
Although the petrographer should be able to determine the original

phases present, knoule&}é of the temperatures to which the minerals
[T - 4 .. e - e e w -

have been exposed is obvicusly necessary 'n order to know what the

R

possible alteration reacticns could be. Thus, predictions of the
temperatures of the core are necessary to assess the possible cure de-
gradation. Thermal analyses are required s. that the appropriate
design of the cooling system tor the drill can be selected. Such
analyses can provide an insight into the drill operating conditivns
in the lunar subsurface environment, the temperature disiributi n 1n
the surrounding rock and the core, and guide the desixn of the drill
bit and chip r:moval techniques.

In the following sections the drill system which was analyzed i-
describhed, the parameters used in the thermal analyses are discussed,
and the approaches and results obtained in the thermal analysis of the

drill system are given.
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1I1. DESCRIPTION OF DRILL SYSTEM

A. GENERAL DESCRIPTION

The diamond core drill proposed for use in obtaining lunar rock samples
will utilize a wire line core barrel. Core drills used for geological
explorations have evolved from a single drill tube string to the wire line
core barrel (Longyear, 1965). A separate inner concentric tube, the core
barrel, is lifted out of the hole with a wire line or cable. Because this
operation is faster and requires less manipulation than pulling and dis-
assembling the drill string, the wire line method is particularly applicable
to use on the moon. When the drill bit is to be used to drill several core
lengths before replacement is required, the wire line core barrel system
+needs up the drilling-core retrieval-resume drilling cycle.

A major design modification is required for lunar use beccause drilling
must be done "dry'". In earth-rock drilling, water is pumped down the ir-
side of the drill string to serve three purposes--(1) the drill-rock
working interface is cooled, (2) rock chips are flushed away from the
working face and removed, and (3) lubrication is provided between the
drill string, rock, ard core.

Dry drilling is required on the moon because of the large weight penalty
accompanying water transport and the difficulty of recirculating a cooling
tluid in an open system without major losses. A closed cooling system must
be used on the moon to couserve water.

Chips must be transported from the drilling face and collected. Chips
will be carried upward outside of the drill barrel by a set of spiral auger

flutes and transferred into and collected in a "chip basket' above the core.

'

”
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Mechanical rotary power is transmitted to the drill by the hollow drill
shaft from an electric motor drive on the surface. Cooling water flows
down to the drill bit by gravity, cools the drill face and shaft by con-
vection and vaporization, and returns as steam to a radiation-cooled
condenser on the surface.

Current system design parameters call for a maximum electrical input
of 3 kw. A 400 pound thrust load on the drill bit will be used to permit
drilling at a rate of 1.2 to 2.4 inches per minute at 500-1900 rpm. The
water cooling system is designed to operate at 390°F, 220 psia. These
conditions are based upon preliminary estimates during the pre-proposal
studies (ADL, 1965).

B. DRILL BIT DESCRIPTION

A detailed drawing giving the dimensions at the cutting end of the
drill are shown in Figure 1. This figure was drawn from a partial print
providea by Westinghouse and represents the drill design concept as of
December 1965. Nominal dimensions are: hole diametcvr--2 inches and
core diameter--1 3/8 inches.

The kerf (rock annulus ground away) is 5/16 inch wide. Three concen-
tric tubes are contained in this space--the core barrel and the inner and
outer tubes which form tihe hollow drill. Minimum practical radial clear-
ances are provided between the rock, drill shaft, core barrel, and core.
An annular width of 0.076 inch is provided for the cooling system in the
drill.

The core barrel terminates in a set of loose, but captive, fingers and

a taper seat. When the core barrel is lifted, the ifingcrs wedge between

C-9
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the seat and the core thus lifting the core. The wire line, core barrel,

and grip fingers are strong enough to break the core from the rock mass.

C. DIAMONDS AND DIAMOND-SETTING MATRIX

A typical arrangement of the diamords is shown in Figure 2. This is
a reproduction of Figure B-3 from the Westinghouse Lunar Drill program
progress report for October 1965. TlLis spiral surface =et bit design was
selected by Westinghouse for further development based on dry-drilling
tests conducted during October.

A total of 103 diamonds approximately 0.030-inch in diameter are used
per bit. Of these, 78 are face stones which remove the majecr share of
the rock. The o.d. and i.d. gauge stones ream and smooth the bore-hole
and core to size for proper clearance with upper parts of the assembly.
Twenty-one radial rows of three or four diamonds each contain the face
diamonds. &rom row to rov, the diamonds are spaced radially in an outward
spiral so that each diamond tracks outside of the prececing one. The
cutting chips are carriec outward by the spiral pattern in a snowplow ef-
fect and are forced from the drill face by centrifugal force.

Powder metallurgy pressing and sintering methods are used to set the
diamonds in a tungsten carbide-based matrix. Other components typical
of matrix materials are titanium carbide, titanium, and cobalt. These
matrix materials provide a hard, wear-resistant setting. The thermal ex-
pansion coefficients of the matrix and diamonds are close enough that a
tight bond and good thermal contact are maintained at elevated temperatures.
Three backward-slanting grooves are cast in the matrix face to aid radial

transport of the chips.
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Stone Placement
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0.D. GA. 180°
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2.3.4...). Diamonds
(crosses) follow spirals.,
Spiral marks represent
cvery diamond (+) along the
line,

ZSICFACE ST

FIGURE 2 ARRANGEMENT OF DIAMONDS IN DRILL BIT




D. CHIP TRANSPORT AND COLLECTION

The radial force or acceleration field will aid removing the chips
from the cutting face and force the chips to move up the auger flutes.
Chips may bounce hetween the stationary rock wall and the drill and auger
rather than to settle and fill the auger. Two modes of chip flow in
the annular space between the drill shaft and the uncut rock will be con-
sidered later in this report: (1) a "slug tlow" in which the chips are
displaced upward as a continuous mass and (2) a motion in which the chips

follow a 'spiral’ movement along the auger flutes with much higher

axial velocity than in case (1).

Cc-13




IV. THERMAL ANALYSIS PARAMETERS

A. DRILL SYSTEM OPERATING PARAMETERS

Listed below are system parameters that were used for the thermal
analyses discussed in the following sections of this report:

(1) Maximum electrical power input to drill system, 3 kilowatts.

(2) Coolant water temperature, 390°F.

(3) Drilling rate, 1.2 in/min and 2.4 in/min.

The above parameters were specified by Westinghouse or accepted as
“ground rules" agreed on by Westinghouse and ADL. Over-all NASA mission
system considerations have established the drill system power as a definite
limit. The coolant water heat-dissipation system will also have a design
capacity of 3 kw. Cooling system temperaturé is not as rigidly fixed,
but will not be changed unless important improvements can be demonstrated.
Higher or lower drilling rates may be used depending upon the type of
tuock encountered, and the envirdnmental conditions encocuntered.

The magnitude of the division of heat between the chips, rock
and drill was one of the objectives of our calculations. We
have analyzed the drill system based upon a variable distribution of
energy flowing into the chips and rock aad into the drill cooling system,
The maximum chip temperatures will occur when all of the energy dissipated
in the cutting zone goes into the rock and chips. The maximum diamond
and matrix temperatures will depend on the chip temperatures, the heat
transfer coefficients in the cooling system, and the heat transfer mechanism

at the chip-diamond interface.

—
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B. DRILL SYSTEM THERMAL PARAMETERS

In addition to the drill operating parameters, the therwal properties
of the drill construction materials, the diamonds, the matrix materials,
and the rock surrounding the drill must be established.

1. Drill Construction Materials

For steady state operation of the drili system, the only important
parameter of the drill material required in the thermal analysis is the
thermal conductivity. The thermal conductivity of the Lockalloy, the
proposed drill construction material, was taken as 2.05 watts/cmoc.
This value was supplied by Westinghouse and is consistent with manufac-
turer's data and data available in the literature. This value is high
compared to many metals; however, because the Lockalloy is a beryllium

alloy, and beryllium itself has a high thermal conductivity, this value

is not unexpected.

2. Diamonds

At room temperatures, diamonds have the highest thermal conductivity
of all readily available materials. The thermal conductivity is dependent
upon the type of the diamond, the purity, size, €ic. Water-white diamonds
are divided into types 1 and 11, depending upon the wave length at which
ultraviolet absorption occurs. Type 11 diamonds are subdivided into
two kinds: Type ll-a which refers to the electrical insulating kind, and
Type 11-b which are good conductors of electricity. The thermal conduc-
tivity of diamonds have been measured in the temperature range from
liquid helium temperatures to above 300°K by Berman, et al. (Berman, 1956).
Typical values at room temperature vary from 10 to 25 watts/cm>C, depending

upon the type of diamond. Type 11-a have the highest thermal conductivity
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values. The thermal conductivity of diamonds generally decreases in

the temperature range from 200 to 300°k (in agreement with the theory of
thermal conductivity.fc ‘{-conductors) and is expected to increase at

temperatures above 500°K L.cause of the importance of thermal radiation.

In any case, the thermal conductivity of the diamonds is very high, com-

pared to the other materials in the system. FPor calculational purposes,

we have assumed the diamonds have an infiniie thermal conductivity; i.e.,
we have assumed that there are no temperature gradients in the diamonds.

3. Matrix Materials

Thermal conductivity values of tungsten carbide matrix materials are
shown in the following table for several matrix compositions (Loewen, 1956).
Grade CA-4 and K-6 are cast-iron grades containing only WC and a small
amount of cobalt binder. Grades CA-2 and 4K‘2-S‘are steel cutting grades
containing TiC, Ti, and more cobalt than CA-4 and K-6. In the subsequent
analysis, we have chosen a value of 0.50 watts/cmoc focr the thermal con-
ductivity of the more wear resistant grades of matrix material, the type

that would most likely be uscd in the lunar thermal drill.

Thermal Conductivity of Matrix Material

Material X
Designation Thermal Conductivity (wau.s/c:mL C)
(2009F) _ (500°F) (700°F) (1000°F)
CA-4 1.11 .95 .88 .81
K-6 .85 .74 .71 .68
CA-2 .52 .50 .49 45
K2-S A-] .49 .49 .49

Arthur B.iinlr,- n‘




4. Lunar Materials -

The density, specific heat and thermal conductivity of the rock being
drilled are important parameters in the thermal analysis of the operation
of the lunar drill. Figure 3 shows typical density values for a wide
variety of terrestrial rocks. (Numbers on Figures 3 to 6 refer to refer-
ences given in Appendix B.) Included in the figure are several values for
vesicular and powdered rocks, which show the largest variation in density
and the lowest absolute values. In the computer analysis described in
this report, we have chosen a value of 2.8 gm/cm3 as representative of a
typical dense solid rock.

Figure 4 shows the specific heat of various rocks. The data presented
are for temperatures at or neaf room tempefature.‘ The variation in specific
heat of most rocks is small: rocks with a high moisture contei.t have a
high specific heat because of the high specific heat of water compared to
silicates. The specific heat of most minerals increases with termperature
because of increased vibrations of the atoms about their lativice positions.
Increases of about 50% over the temperature range from O to 800°C are not
uncommon. In subsequent calculations, we have chosen a value of 0.24
cal/gm°C (1.0 joules/gm°C) as representative of the specific heat of a
solid rock at the slightly elevated temperatures produced by drilling.

Figure 5 shows the thermal conductivity of rocks according to their
type. The data in this figure are given for temperz'ures at or near room
temperature. The thermal conductivity ot solid rocks depends upon the
mineralogical composition, the orientation of the crystals throughout the
structure, the degree and size of the microcracks and fractures in the

rock, and the temperature. As a resuit of this dependence on a large
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number of variables, there is considerable variation in the thermal con-
ductivity. The figure shows that the variation in any particular type
of rock is almost as large as the variation over a wide range of rock
types. The effect of temperature on thermal conductivity of solid rocks
depends upon the type of rock and the temperature level. Figure 6 shows
the temperature dependence of thermal conductivity for several types of
rocks. Rocks which are of a glassy nature genarally show a strong increase
in thermal conductivity with increasing temperature. Other rocks which
seem to show an increase in conductivity with temperature are anorthosite
and some gabbros. Most granites, limestones, slates, etc., show a decrease
in thermal conductivity with increasing temperature. The more porous the
rock, the greater the trend to increasing thermal conductivity with in-
creasing temperature. This is probably due to the increased importance
of thermal radiation at high temperatures. In the coumputer calculations,
we have assumed a value of 2.5 x 10.2 watt/cmC for the thermal conductivity
of a typical rock. .This would correspond to a rock similar to granite or
basalt. Other values of rock properties may be used in the paranetiric
analysis presented in this reporc to determine their effects on drili
and rock temperatures.

Another variable which enters in the analysis is the thermal diffusivity
of the rock., Thermal diffusivity is the ratio of thermal conductivity
to volume specific heat or (conductivity/density x specific “eat). Values
of the thermal diffusivity may be computed from the values of the individual
parameters given above. The variation in the thermal diffusivity among
rock types is due mainly to the variation of thermal conductivities. Be-

cause there is the genercl trend of increasing thermal conductivity with

Cc-21
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increasing density, the over-all variation in the thermal diffusivity
of rocks is not as great as the variation in the thermal conductivicy.

3

In the computer calculations, we have used a value of 8.9 x 10” cmzlsec

for the thermal diffusivity of a typical rock.

Cc-23
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V. THERMAL ANALYSES OF THE DRILL SYSTEM

A. ROCK AND CHIP TEMPERATURES

1. Introduction

In this section of the report the following three problems are con-
sidered:
a. The temperature of the chips at the front of the drill,
b. The temperature of the chips as they travel up to the
chip basket and the amount of lateral heating of the
drill shaft by the chips,
c. the degradation o1 the core by the heat flow and subsequent
temperature rise of the rock.

Two procedures were used in the analysigl-é computer program, and an
approximate analytical method. In the computer program, the above three
problems are solved simultaneously. 1In the analytical method, the pro-
blems are simplified considerably and solved independently. The results
obtained with the computer program have established the validity and ac-
curacy of the analytical method.

Ir. the following sections the results of the two methods are presented.
The parametric curves include solutions for a wide range of the operating
parameters such as drilling rate and input power. Examples are given to
demonstrate the use of the analyses.

Input power (wz) represents that part of the total heat produced by
drilling which heats the rock and that part carried away by the hot chips.
The remainder of the total heat innut (Wl) is transferred from the front

of the drill through the matrix to the cooling system. w2 is cqual to
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the total heat produced by drilling only when there is no cooling at the
front of the drill, i.e., wl = 0,
2. Computer Program Calculations
a. The Model

Our calculations are based on the model shown in Figure 7, which will
hereafter be called the system. The system consists of the surrounding
rock, the core and the chips up to the chip basket. The drill shaft is
excluded in this portion of the analysis because its high thermal con-
ductivity and the effect of coolant flow will maintain its temperature
at 470°k (about 390°F), i.e., the temperature of the cooling fluid.

A detailed and more accurate analysis of the drill shaft will not affect
the solution of the problenrs consideredTﬂ:fe. Heat flow in the drill shaft
near the bit is considered in Section V-B. Fpr similar reasons, the

core barrel was included in the system initially but has been excluded in
the final analysis.

The system has cylindrical symmetry about its axis, and all dependent
variables will be functions of the radial and axial coordinates only, i.e.,
there are no azimuthal variations. In a coordinate system fixed with
respect to the drill (but not rotating with it), the surrounding rock and
the core are moving past the drill with a velocity equal to the drilling
rate U. The chips are also moving along the drill shaft towards the chip
basket, with a velocity which can be found from conservation of mass con-
siderations based upon the mechanism of chip motion ascumed.

For a unique and determinate solution by any numer‘cal method, the

system must be completely enclosed by 8 surface of finite dimensions.
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Furthermore, since we are dealing with a system of heat conduction and
radiation, the temperature or the heat flux ;n every section of the en-
closure must be specified. The enclosure of our system consists of the
following parts: |
(1) A surface (the dashed line) outside of which the rock is not
affected by the heat generated by drilling and remains at ambient

temperature. The boundary condition for this surface is that

the temperature is constant and equal to tne ampient temperature
of 230°K.

(2) The outside surface of the drill shaft, which is assumed to be
at constant temperature equal to 470°K (sce above).

(3) The zig-zag line in front of the 'drill, which represents a uniform
plane heat source. The strength of this heat source is equal to
Wz. Thus, the heat flux on this surface is specified. As the
rock moves through this heat source, it is converted to chips
which temporarily leave the system. They re-enter the
system at the annulus (where they a~e picked up by the auper flu.es)
and travel towards the chip basket. A part of the energy from t .
heat source goes to the chips, the remzinder flows into the rock.
The heat source, the rock (just before it is converted to chips)
and the produced chips are assumed to be 2: the same temperature.
This temperature is a function of the rcdial distance from the
axis. When the zhips re-enter the system at the beginning
of the auger, they are assumed to be well mixed and at an average

temperature (averaged over the surface of tne heat source).
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(4) The small annular interior surface of the drill bit and the in-
terior surface of the core barrel. These two surfaces enclose
the core and are taken as one surface at a constant temperature
equal to 470°K.

The heat transfer mechanisms in the medium representing the surround-
ing rock and core are not only solid conduction but also "convection,"
because the medium is moving. The surface of the core exchanges radiant
heat with a surface at 470°K.

The exact mode of motion of the chips towards the chip basket and the
resulting heat transfer mechanism with the drill shaft and the surrounding
rock has not yet been specified. We have assumed that the chips move up-
ward with a tumbling and turbulent motion, ia>;éﬁomp1etely filled annulus
(slug flow). The chips exchange radiant heat with the surrounding rock
and drill shaft (the drill shaft is at 470°K). For these conditions maximunm
cooling of the chips and, therefore, maximun heating of the drill shaft
will occur. Alternatively, we considered a chip movement where the
bulk flow of chips has a spiral motion up the auger, while the motion
of the individual chips which only partially fill the auger flutes is
tumbling and highly turbulent. Radiative heat exchange will occur in
this case also, however, the resulting cooling of the chips is very
gradual.

b. Description of the Computer Program

We have used our computer program to solve steady state heat transfer

in the system by the "Method of Zones," {(Strong & Emslie, 1955j.
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In the method of zones, it is assumed that within a chosen volume
element the temperature distribution is parabolic in the various space
coordinates. For this temperature variation, formulae are derived for the
average temperatures of the volume element and its surfaces. The heat
balance equation for the volume element is a linear algebraic equation
involving these average temperatures. The coefficients of the temperatures
are appropriate conductances. If there is a volume input power, an
appropriate input power term is added to the heat balance equation. Similar
heat balance equations are written for each surface of the volume element.
However, when radiation is involved, the surface heat balance equations
involve the fourth power ot temperature.

In the method of zones, a given syst;; is div;A;d 1n£o zones and
appropriate heat balance equations are written. These equations are
solved simultaneously by our computer program. However, all conductances,
view areas, input powers and other information must first be calculated
and supplied to the program as input data in the form of an input tape.
For a large system, such as the drill syster censidered here, producing
this input tape is a tedious and lengthy task, and even with the help of
calculators, this may take severzl man-weeks. In addition, each time a
single parameter of the system is changed (e.g., rock conductivity,
drilling rate, size of zones, etc.), a completely new tape nust be pro-
duced. Therefore, we devised another computer program to produce an

input tape in less than one hour to eliminate this tedious and time-

consuming process.
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c. Division of System Into Zones

e \The division of the system into zones ig?shoun-tngtiggfe 8, ;}§9‘
over-all dimensions of the system are the same as those of Figure 1.
Because steady state conditions are considered, the core must be termina-
ted at a given distance from the front of the drill and either the tempera-
ture or heat flux at the termination must be specified. A core whose length
increases with time was not included because of our assumption of steady
state conditions. We terminated the core at a distance of 27.8 inches
from the front of the drill and assumed that this boundary is at con-
stant temperature of 470k, i.e., by the time the core is 27.8 inches or

longer, the part of the core that is out of the system is in equilibrium

with the radiating envirunment.

gy G B8 Sk g B = nprmp—

'The ;onesigg;;)the drill froat, uherevﬁeat is generated:ﬁ;g;é"cﬁosen
to be of small thickness. This is required because the diffusion of heat
in the rock is dominated by convection, which introduces very thin boundary
layers, In these thin layers, the temperature decreases very sharply
(exponentially) fron very high values at the source to the low ambient
values., Therefore, since the method of zones uses a parabolic temperature
distribution, the size of the zones must be smaller than the boundary
layer if a parabola is tu approximate an exponential to the required
degree.

The thickness of the boundary layers is given by 2k/ cU, where k, 5
and ¢ are the thermal conductivity, density and specific heat of the rock,

respectively. We have used the following values for our computer cal-

culatiuns:
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\ Drilling rate (U) = 0.0508 cm/sec (or 1.2 in/min)
Conductivity of rock (k) = 0.025 watts/cm°C

Product of density and specific 30
he. - cf rock ( pc) = 2.8 joules/cm™ C

With these values, the thickness of the boundary layers is about
0.14 inches, and the dimensions of the zones near the front of the drill
are smaller than this as shown in Figure 8.

The above properties approximate those of basalt. We have assumed
that 3 kw of heat will be generated in drilling through chis rock at the
above rate. Furthermore, we have assumed that there is no cooling of the
front of the drill or that the heat drawn by cooling is negligible as com-
pared to 3 kw, so that "2 = 3 kw. This value of W may be too high for

2

this drilling rate; hcwever, it will establish an upper limit for the
system temperatures.

As shown in Figure 8, each zone must have an interface with only one
neighboring zone. This is a requirement of our compute: program. We have
subdivided the system into 172 rock zones. Each zone is characterized
by an average volume temperature and four average surface temperatures
except those zones that are on the axis of the drill. The latter are
characterized by their average surface temperatures. There are 19 chip
zones. Each zone is characterized by an average volume temperature and
two average end temperatures in the axial direction (no radial temperature
gradients in the chips are considered). We have chosen 19 zones pertain-
ing to the external surface of the drill shaft and 12 zones pertaining
to the internal surface of the core barrel. Each of these zones is
characterized by a single temperature, which is cénstant and equal to

4700K. these surfaces are assumed (o radiate as black bodies at 4700K.

C-32 k7
drthur 3. in




The total number of average volume and surface temperatures for the
zones is equal to 617. The number of temperatures that are fixed by the
various boundary conditions is equal to 74. Thus, there are 543 unknown
temperatures, and the same number of equations which have to be solved

simultaneously.

d. Results Obtained From Computer Calculations

FPigure 9 shows the results of the computer run. For clarity, the
zones are not shown to scale. The numbers are the values of the average
volume and surface temperatures of each zone (in oK).

The temperatures everywhere are consistent, except at the end of the
core where no temperatures have been indicated. The computer solves the
simultaneous equations by successive iterations. After several hundred
iterations, the values indicated in Figure 9 and some values for the end
part of the core were obtained. From then on, for several hundred addi-
tional iterations, the only values that changed were those at the end of the
core. The computer found the correct solution for all temperatures except
the end part of the core where the boundary condition of fixing the tempera-
ture of the end of the core at 470°K i. apparently inappropriate. Because
the temperatures at the end of the core are both low and of limited sig-
nificance, the solution obtained was satisfactory.

Several temperatures in the lower left part of the surrounding rock
(in Figure 9 ) are appro-:imately one degree below the ambient temperature
of 230 K. This is a result of round-off errors in the calculation of the
conductances. Also, some temperatures in the last zones of the right
part of the surrounding rock (in Figure 9 ) differ from those expected by
one or two degrees. This also may be caused by round-off errors or the

assumed condition at the right bounding surface of the surrounding rock
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(constant temperature at 230°K). The temperatures of the surrounding
rock approach the ambient temperature with celatively small gradients,
thereby indic " !ng that the size of the enclosure of the system is adequate.

The temperatures at the front of the drill are about 2000°K. Withir a

distance from the front of the drill of the order of the boundary layer
thickaess in both the axial and radial directions, the temperatures de-
cr-ase to near ambient,

The core, as it enters the core barrel is hot at its outer edge and is
near ambient temperature near its axis. At subsequent distances from the
drill face, the edge of the core cools off by rad.ation and by éiffusion
of heat towards the axis of the core. The extent of core degradation
caused by excessive heating can be evaluated from the temperature distri-

bution in the core at the front of the drill, because this is the zone of

maximum temperature.

In the region enclosed by the dashed lines shown in Figure 9, the
suriounding rock is heated extensively by radiation from the hot chips.
The heat is conducted out radially and convected to the right. The tem-
perature distribution in the rock is like a ridge slanted to the right
and with peak values near the chips.

The average surface temperatures at the plane of the front of the
drill are plotted in Pigure 10 as a function of radial distance from the
axis. Because the temperatures are very high only on the drill face, very
little heat flows into the rock; most of the heat is carried away by the
chips. The temperature of the chips, as they enter the annulus to be
transferred up the auger flutes, is 19510K (see Figure 9). This corres-
ponds to a temperature rise above thc ambient temperature of 1721°c.  The
heat content of the chips leaving the drill face is equal to, cUA times

this temperature rise, where A is the area of the front of the drill,
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For the assumed conditions, the heat carried away is equal to 2,620 watts;
i.e., 87% of the power input going to the rock and chips is carried away
from the drill face by the chips.

The average core temperature rise is relatively small. For example,
if the rock core were degraded when its temperature reaches 200°C. Figure
10 shows that only about 0.1 inch of the outer part of the core would be
affected.

The temperature of the chips at various distances from the drill

face is shown in Figure 1l. The chips cool off rapidly for the conditions

of "slug flow" in the annulus. Their temperature approaches the drill shaft

temperature of 470°Kk by the time they have traveled about 8 inches up the
driil shaft. Most of the heat contained in the chips is radiated to the
drill shaft and the surrounding rock within the first 2 or 3 inches of
the drill shaft. This is a consequence of the assumption of the full
annulus mode of motion for the chips used in this example, which gives
conservative results. If, instead, the spiral mode of motion ad been
used, the chips would cool off much .ore gradually.
In summary, the following results have been obtained frum the com-
puter analysis:
(1) The temperature of the rock and chips at the drill face is
about 2000°K.
(2) The temperature of the surrounding rock decreases very rapidly
to ambient temperature vaiues within a distance from the drill
face equal to the boundary layer thickness (0.14 in ) in both

the axial and radial directions.
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(3) About 0.1 in. of the outer part of the core reaches tempera-
tures higher than 200°C.

(4) About 87% of the 3 kw that is assumed to flow into the rock and
chips, or 2620 watts, is carried away from the drill face by
the chips.

(5) The chips cool off very rapidly for a chip motion in which the
annulus is completely filled. Most of the heat contained in
the chips is radiated to the surrounding rock and to the drill
shaft within the first 2 or 3 inches of their travel towards
the basket.

3. Analytical Approach

a. Introduction

In this section we will examine the gs;ee problems stated in the
introduction to Section V individually.

Figure 12 shows the circular strip heat source which exists at the
face of tre drill. The chips and the surrounding moving rock are heated
by this source. In the actual drill system the drill is behind the heat
source; in the analytical model, the heat source is in an infinite moving
medium. We have assumed that the drill does not affect the temperature
of the rock near the source, particularly the rock in front of the source,
We have calculated the temperature distribution on the plane of the source
without the drill behind it. From this calculation, the initial tempera-
ture of the chips and the temperature in the core can be obtained.

This simplified calculation is valid because only the chips and the
rock near the face of the drill are in the heat source zone and at a high

temperature. Furthermore, as is shown in Appendix A, for values of the
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R= .84375"
d= .078125"

FIGURE 12 CIRCULAR STRIP SOURCE
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dimensionless parameter

- , cdl
F K

which are equal to 1 or larger, the effect of the heat source is confined

to its vicinity so that a long drill behind the source will not deplete

the source significantly., For most drilling conditions, is larger thanm

-

l.

Once the initial temperature of the chips has been determined, the
cooling of the chips as they travel to the chip basket can be determined
provided the temperacuce of the surrounding rock 1s known. The latter is,
of course, not known unless all three problems are treated together, as has
been done with the computer program. However, the results from the computet
run described in the precedineg swction show that the temperature of the
rock surrounding the drill shaf: Jdiffers appreciably from that of the
drill © f¢ only for a very small distance fror the drill face. Therefore,
in calculating the covling of the chips 1 this reltion, we have dassumed
that the surr.undine rock Is at drill =naft torporatuie,

These simplifications pormit caloelatione 2 be cariaet Gt an Pt
rotric form.,  In the followine sectivis e will 2w, ®v 0 ~—parts o owith
the results of the computer analysis, that the accuracy of the analytic:l
approach and the assump’iors included are acceptable.

b. 1Initial Temperature of the Chips and Core Dearadation

We have estimated the initial temperature of the chips ant the ter-
peratures of the core from the temperature distr:botien onotne faoe o f a
circular strip source in a moviny mediur (Figure 12y, Tnis termprialiule

distribution can be forrmulated in terms of a doubic Integral wih ose
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evaluation is difficult. However, as shown in Appendix A, when the vadius
of curvature of the source (R) is large as compared to the half-width of
the source (d), the temperature distribution at the face of thte circular
source may be approximated by that of a strip heat source. Fclding the
straight source around to form a circular source will not have a sig-
nificant effect on the temperature distribution near the source provided
R/d is large and B is 1 or larger.

The results of these calculations are shown in Figure 13. The
average temperature rise of the face of the source, which is also assumed
to be the initial temperature of the chips. is shown in Figure 14. These
figures confirm the assumption that, for large values oi 3, the effect of
the heat source is confined to its vicinity. Figure 13 shows that the
temperature approaches ambient values at a distance of 2d froin the center
of the source. These results also confirm the appropriateness of folding
around a strip heat source to form a circular s.urce.

From Figute l+, the quantity of heat carricd away by the chips carn
be Jdetermined. The value of the ordinate is equal to the ratio of the
heat carried away by the chips to the cotal heat flowing into the rock
and chips (Hz). Thus, for the values of p equal to 3 or iarger, 80%
or more of W. is carried away by the chips.

2
Examples

For the drill shown in Figure 1, we have:

d = .07812% in. = .39685 cm
i

A = 10.63 cm”

Wwe have chosea the following veélues for rock properties:
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cc = 2.8 joules/cm3 °

% = 0.025 wates/em O
1f the drillinz rate is 1.2 in/min., and all 3 kw supplied to the drill
face spreads in the rock or is carried away by the chips,

then

U = 0.0508 cm/sec

"2 = 3000 watts

The value of the parameter f is equal to:

- cdU
b = “1:-' = 2.26

and:

)

. ¢cUA

= 1974

Then from Figure 13, the temperature rise distribution on the plane of
the source can be obtained. Adding the ambient temperature of 2300K,
the result has been shown in Figure 10. These analytical results compare
well with those obtained from the computer calculations. For example,
this method gives a value of about 1890°K for the peak temperature, approxi-
mately 8% lower than that obtained by the computer analysis.
From Figure 14:
: cUAIc

¥,

This indicates that 75% of the 3 kw is carried away by the chips as compared

= .75

to 87% found by the computer analysis. The initial temperature of the
chips, TC. is equal to 1710% (adding the 230°K ambient temperature) as

compared to 1950°K. These discrepancies are due mainly to trne boundary
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condition that, in the computer analysis, the chips give off heat
near the front of the drill by radiation. Thus, the temperatures at the
front of the drill should be higher in the computer rum.

If the drilling rate is 2.4 in/min., and the other parameters remain

the same, then:

p = 6.52
W
-2
UK 987

As Figure 14 shows, more heat is now carried away by the chips (87%) bdbut
the initial temperature of the chips is only 1090°K.

On the other hand, if we take W, = 1500 watts, then the initial tem-

2
peratures of the chips are equal to 970 agg,gpo°x for drilling rates of
1.2 and 2.4 in/min., respectively.

The effect of rock properties is described below. As the thermal
conductivity of the rock is decreased, more heat is carried away by the
chips and their initial temperature increases. However, foc conductivities
smaller than the one we used above, the effect is small since the
ordinate of FPigure 14 has almost ipproached an asymptotic value. The effect
of o c is much greater. As o c increases, the amount of heat carried away
by the chips increases slowly (becausc the asymptotic value shown in Fig-
ure 14 is approached); but the initial temperature of the chips dec-eases
almost in direct proportion to p c. However, for most solid rocks the
variation of k is much larger than the variation of o c.

Figure 10 shows that only about 0.06 in. ~f core edge will be at a
temperature higher than 200°C. As pc¢ and U increase, and as k and '2

decrease, the potential thermal degradation of the core diminishes.
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c. Cooling of Chips

We have examined the mechanism of heat é;;hange between the chips
and the surrounding rock. Based upon this examination, we have concluded
that heat transfer between the chips and the shaft is primarily by
thermal radiation. We assumed that the surrounding rock is at drill

shaft temperature.

The differential equation of cooling of the ch'ps is:

dT 4 4
cM az + 208 (T - Ts) a0

where:

(¢}
n

specific heat of chips (equal to that of rock)

M = mass flow of chips

N
]

distance from drill face

(W)
»

- 2,
Stefan - Boltzman constant (5.67 x 10 12 watts/cm® 0K“)

-3
"

chip absolute temperature

e}
L}

. drill shaft absolute temperature

S = view factor per unit length of z,
Subject to the boundary condition that at z = 0, T must be equal to the

initial temperature of the chips (Tc)‘ the solution of this equation {s

3
hUSTs 2. tan-l I - tan ES + tanh.l Ig - tanh.1 33
cM T T T T
s s c

This equation is plotted in Figure 15 for thres values of the

parameter T /T .
c' s

S C-47
drthur D .Uittle. Ine.




NOILNGIYLSIA ULV AIINTL dIHD A0 SASATVNV DIYLHAINVENV ¢ 4404

(31,) samezadwa) dip tepmuy 2L
Oi,) 3smeaadwn dnpd 1L

N3
um._.mov
G 10° 100°
rv.io 1 1 | ___.____ T _:__~__ 0
—1
Ia

Z [4

QMONB\chﬂulc.—KhO.w = 0

sdnp jo 182y dgPads D
sdip jo mopj ssvw N £ L £

Z un 3ad 101083 MIIA S

209 [[IIP WO} DTMSIP Z
(M) samezadwa yeus i1ap :°L R R

2L




Exasples
For the slug flow mode of motion we hiveﬁ
cM = o5 cAU
from conservation of mass considerations, and:
S = xD
where D is the diameter of the drill. Using:
pc= 2.8 joules/cm3 °c
A = 10.69 cm2
U= .0508 cm/sec
D= 2 in = 5.08 cm2
we obtain:

M = 1.52 watts/C

S = 15.96 cm

Thus, for T_ = 470°K:

cM = 40.5 c¢cm = 15.9 in
48T 3
5
and, for Tc = 1710, which corresponds to W, = 3,000 watts and k = .025
walts/cmoc. we have:

Te a 3.066

T
s

From Figure 15, the variations in temperature of the chips as a function
of the distauce from the drill face have been obtained. These values
are shown on Figure 1l1. Except for the initial values of the chip tempera-

ture, the agreement with the results of the computer analysis is excellent.
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The chips radiate most of their heat to the surrounding rock and to the

drill shaft within the first 2 or 3 inches. The chips are carrying about
2250 watts from the face of the drill and radiate about 1000 watts to
the drill shaft within this distance.

For the spiral mode of motion cM is one-half the above value, since
the pitch of the auger is 30°. To calculate S we must know the cross
dimensions of the layer of the chips moving up the auger. Assume that the

chip layer is a rectangle with a width w equal to that of the auger and a

height h. Then

1f

w = ,046 in., h = ,125 in.
then
S = 419 cm
All the other parameters have the same values as above. The only dif-

ference here is that:

cM

4'8T3
s

The decay of the chip temperaturc with distance from the drill face
can now be computed from Figure 15. The results are compared in Figure 11}.
In this mode, the chips cool much more gradually than with the slug flow
mode of motion. The chip temperature all the way up to the chip basket,
which is about 8 ft. from the drill face, is shown in Figure 16. When

the chips arrive at the basket, they are still at a temperature of about

610°K.
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B. MATRIX, DIAMOND, AND COOLTRG SYSTEM CALCULATIONS

1. Heat Transfer in the Matrix and Cooling Systen

In order to establish the relationships between the heat flow in
the matrix and the temperature distribution near the cooling zone of
the drill, an approximate analysis was conducted using the analytical
model and techniques described below. The objeccive of the analysis
was to determine the dri)l face temperature and temperature distribu-
tion in the drill (near the bit) as a tunction of the power removed by
the cooling water in the drill. The effects of the cooling water-drill

heat transfer coefficient on drill temperatures were investigated.

a. Assumptions Used in Model

The model used for the analysis is shown in the following diagram:

'. —_———— = - -
e - ,_,  - R"
-
L o _
i ‘*3
' R, >
@ o |
| r:rlg
| A7
[ oA
Ro ! <
| ; -
N
: Lock-
l I\\{Alloyl
N
N
- ldealized N b
\ Adiabatic — Iz - : T
l Enclosure M

C-52 e
Arthur 3. y
s



The assumptions used in analysis were:
(1) Heat flows only vertically upward through the matrix
until the cooling fluid is reached. Heat is distributed uniformly
over the bottom of the matrix area.
(2) Heat flows vertically upward through the Lockalloy drill
shaft tubes.
(3) Heat is transferred to che fluid {(with an average heat
transfer c ‘efficient h) from
(a) the bottom annulus (considered to be the top of the
matrix), and
(b) the Lockalloy tube walls.
(4) The exterior radial suiriaces of ine matrix and drill are
adiabatic (no flux) surfaces.
(5) The cooling fluid temperature is constant.

Wwith these assumptions, radial temperature :radients in the ~atrix
and tube walls mayv be neglected. The etfects o1 non-un:fors heat ciss
tribution over the matrix are discussec in Sectien V-B-2., The
only assumpticn which needs additional sustificacior is (=). 1n the
actual drill svstem, the irner tube wai. suvface excha-ces heat with
the core tarrel by radiation. Because the core varre! temperature is
not very high (see Section IV-A) this neat traus.er will be soull cor-
pared to the heat flowing axially fro. the drili face through the
matrix. On the exterior surface of tue matrix aand dr:ll, there 1s
inward radial heat flow fron the hot ci:ips. The magnitude and cistri-
bution of this heat flow has already veen discussed. By neglecting

this heat source, we will have calculaied the .iclmu~ temperature 1in
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the matrix surface and drill shaft walls; the actual temperatures will
be higher. Thus, these calculations will provide an upper limit to the
amount of heat that can be withdrawn from the matrix tc the cooling water
for various drill face temperatures.
b. Calculations
For the two annular disc sections of the irill wall at height x.
Let T = temperature of metal at height x
Let A = w(Rz - Rg) + ﬂ(Rg - Rz)

1
Let B = 2n (R, + Rz); then

3
. dT
Heat Input to discs by conduction =<k (A) 6—-)
Heat Output from discs by conduction --[kA gT gx (kA dT ) dx)
Heat Output to cooling water = hB (T-Tf)
At steady state, lnput-Output = 0, or
4 (kA ) dx - hB (T-Tf) =0 (B-1)
~e may assume that k, h, A, and B are independent of x.
lherefore,
dzT
kA = - hB (T-Tf) =0 (B-2)
dx

The solution tc this equation for our boundary conditions (which are

(1) at x =0, T = T2' and (2) at x = L, &~ d = 0) is:
l‘Tf ) eGX + eG(ZL—X) 5-3)
TZ-Tf 1 s e2GL

where G is defined as the positive value of VhB .
kA
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The total heat transferred to the fluid is equal to

L
- 2 - 2 - -
Q1 h (w)(n3 Rz)(r2 - Tf) + hB I (T Tf) dx (B-4)
[o]
ffom base to fluid from walls to fluid

Substituting Equation B~3 in B-4 and integrating, we ootain

2GL
2 _ .2 2 e~ -1}  (B-5)
Q, =h (MR - RNT, -T,) |1+ \]
1 3 - R, -1 [ (Ry - R)) G ( %6L , !

Thus, the walls of the drill transfer heat to the fluid in relation to

the base of the fluid channel, in the proportion

2 [eZGL - 1] -
(R, - R G | 26L

The total heat flow Q1 is equal to the flow upward through the matrix:

T, -~ T
2 2,01 " 2 ;
Q1 = km T'(R5 - Ro'(_—\x ), or (B-6)

N

Q)
T, -1, — (B-7)
(k_)(-)(Rg - R))

Thus if the heat flowing upward into matrix is specified as Kl, then

Q - wl watts ) Ul Btu (5-8)
1  0.293 watt-hr/Btu 0.293 hr
We can solve the above equations for Tz:
"
ta " Tf + o 293][h”-][R2 Rz‘rl \ 5 IeZGL _ 1ﬂ (B-9)
* " - 241 - i i
3 Vi L (R3 Rz)G -eZGL+1'J
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and then for

"l M
Tl = Tz + 2 (B-10)

2
l0.293]lk-][t}[R5 - nol

T at any value of x has already been derived; once 'l'2 is known, T can be

determined from:

GX G(2L-X)
- - e +e . _ cosh (G(L-X))| o
T=Tg# {Tz Tf][ D ] Te + [72 Tf][ cosh (GL) ]“‘ 11

(In all three of these relationships, G is defined as the positive square

hB

root of kA.)

Working in the English system of unite, and converting our conduc-
tivities,
k (for Lockalloy) = 2.05 watt/cm-°C = 118.4 Btu/hr-ft-°F
km (for matrix) = 0.5 watt/cm-°C = 28.9 Btu/hr-ft-°F

For our case (40-mil Lockalloy walls):

=
"

0.704 in

0.0587 ft

R, = 0.794 in

0.0662 ft
R, = 0.834 in = 0.0695 ft

R, = 0.910 in

0.0758 ft

R, = 0.950 in = 0.0792 ft

R, = 0.990 in = 0.0825 ft

L =1t¢to 5 feet

M = 0.167 in = 0.0139 ft

h = 10 to 1000 Btu/hr-ft’-°F

T, = 390°F
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A = (3.142)(0.0792 - 0.0758% + 0.0695% - 0.0662%) = 0.00306 ft?

B = (2)(3.142)(0.0758 + 0.0695) = 0.913 ft

C = /@ - (0.913) (h) = 1.59 ./h
kA (118.4) (0.00306)

c. Results and Discussion

Solution of Equations B-9, 10 and 11 using the above values leads to
the results shown in Figures 17, 18, and 19. In Figure 17, we have
plotted the temperature profile in the drill rod and matrix as a function
of heat flowing into the drill (Hl). The calculations were carried out for
a heat transfer coefficient of 20 Btu/hr ft2 °F. This value is the lowest
expected for boiling heat transfer (even under film-boiling conditions)
and is also a reasonable value for -onvective heat flow by a water stream.
Note that for up to 700 watts flowin, through the matrix, the temperature
drop is only abou* 100°F across the matrix.

Figure 18 shows the effect of heat transfer cocfficient b oa the
temperature rise of the diamond-matrix surface for variou, hceat inputs
to the drill. In Figure 19 we have shown the fraction of the total heat
input which is transferred to the cooling water by the walls of the drill
passages.

Equation B-9 gives some intercvsting information regarding tae ctfect

of Lockalloy drill shaft length on hcat transfer. The term:

0L _ |
———eZ('L (or tanh [GL]))
e""+ 1
tandg toward an “asymptotic” valuc of 1.0 as GL increases. lowever, it

reaches a value of 0.999 at a value of GL = 3.6, If we assume vven a
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value as low as 10 for h, C = (1.59 (/10) = 4.86. 1If GL is to exceed
3.6, all that is required is that L exceed 3.6/4.86 = 0.74 ft. Thus,
even for the worst value of h, a Lockalloy tube wall length of 9 inches

is as effective as a Lockalloy wall of infinite height (within one part

in a thousand) in transferring the heat to the cooli.g water. At

larger values of h, even shcrter walls become as effective as infinitely
long walls. This indicates that all the heat flowing throug' the matrix
fs transferred to the cooling wat.r in a very short lenp'.. along the
drill wall.

T = Tf + [T2 - Tf] [cosh(GX) - sinh(GX) tanh(GL)) (R-12)

As noted atove, tanh(GL) will always be approximately equal to unity for
the system conditiors we have chosen, so that
A~

T T, + (T, = T,) [cosh(cX) - sinh(GX)] = T + (1, = T e ra19)

Thus, (T - Tf) decays exponentiallv with G\, an. 1s independent of
I. as long as L exceeds a few inches, as shown above. Jiuis cexponential
dvcay in temperaturc along the drill wall is shown in bivure 170 The
above equations also shows the ¢ffect of the cooling flu’d temperature.
A change in the cocling fluid temperature changes tac temperatures in the
system by an equal amount.

Based upon this analysis, it is seen that with a modest choice of
heat transfer coefficlient of 20 Btu/hr ftz OF. 500 watts m¢y be withdrawn
through the matrix before the diamond-matrix interfacce temperature reaches

1110°F (600°C) and 750 watts may be withdrawn before a temperature of

1470°F (800°C) is reached.
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For these conditions, the values given above represent the maximum
heat that can be transferred through the matrix into the cooling water.
In the actual drill system, this will be diminished because of heat

input from the chips and the non-uniform heat dissipation of heat at the

diamond-matrix 1nterface;

2. Heat Transfer Between the Diamonds and the Matrix

In the above analysis, the heat flowing into the matrix was
assumed to be uniformly distributed over the matrix area. This is
equivalent assuming that there is r» difference in the diamond and
matrix temperatures. Because the actual distribution of heat initially
established in the chips, solid rock, or diamonds is not known, we have
assumed several limiting conditions and calculated the effects on drill
temperatures.

The assumption that there is zero difference between the matrix

and diamond temperatures represents a condition where all of the heat dissj-
pated in the cutting zonc is generated in the rock and chips. Then the
portion flowing through the matrix is transferred by radiation and <cn-

tact conduction from the rock and chips. Since the exposed diamond

area is only five per cent of the total face area, the effect of the
diamonds may be neglected for this mode of heat inpu: to the face,

Therefore, the diamond temperature, T, 6, is equal to Tl as discussed 1u

d'
Section V-B-1. The values obtained are the minimum diamond tem-
perature for a given fixed value of heat transferred into the matrix

and cooling system, or, equivalently, the maximum heat flow for a given

diamond-matrix interface temperature.
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The upper limit for the diamond temperature may be calculated by
assuming that all of the heat "l flows into the matrix through the dia-
monds. With this assumption, the temperature difference Td - TZ is

greater than the difference Tl - Tz for a uniform heat source on the
matrix face because the diamonds are a localized heat source and must

have locally higher temperature gradients.

We have used the following assumptions regarding the diamonds
and their mounting in the matrix:

1. The 78 face-set diamonds do all of the work in drilling and
transfer all of the heat to the matrix. The work and heat load are
shared equally by the 78 diamonds. To the extent that OD and ID gauge
stones share the work and heat, mechanical loading and temperature of
the face diamonds will be reduced. Theretore, this is a conservative
assumption,

2. The diamonds are at a uniform temperature through their
volume (effectively infirite thermal conductivity).

3. There is no heat flow resistance at the interface between
the diamonds and the matrix.

One estimate of the temperature difference Td - T2 may be based
on the model of a hemispherical source for heat flowing into a semi-
infinite body of matrix material (MacAdams 1951). For an assumed matrix
conductivity of 0.5 watt/cm C and 78 diamonds sharing the heat flow in-

to the matrix (Hl), we . btain:
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! Tq
T -T. = (1 - ""—) (B‘l“)
d 2 718 x 29r km Ty r,
If we take r, as large compared to the radius of the diamond, then

T, - TZ =0.192 W

4 (B-15)

8

where Td - Tz is in °F and W, is in watts.

|

For the case of uniform heat dissipation over the diamond-matrix
interface (discussed in 1, above), we obtain the equation Td - T2 =
0.155 Ul. In an actual drill system, the surface at temperature Tz
must be closer to the source, and the difference would be less than
given by Equation B-l4,

Although the ab =2 equation is conservative for an array of
single diamonds, the dianonds iu the bit are close c¢nough together that
their heat flows interact. The average distance ;5 :tween diamonds in
the radial rows is 0.048 inch. To obtain a better approximation using
the diamonds as a source for heat flowing into the matrix, we have taken
a half-cylindrical surface with radius vqual to the diamond radius L
and length Le such that the area is equal to half the surface area of
four diamonds, the maximum number in a row. Using half the surface
area implies that half of the diamond protrudes from the matrix. In
reality, the diamonds will be deeper in the matrix with slightly more

area available for heat flow which wiil lower the actual temperature

slightly.
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To determine the temperature difference resulting from heat flow

from a half-cylinder source at temperature 'l‘d

an analysis approximating the heat flow from a buried electrical cable

to a plane at TZ' we used

(Jakob, 1949). The analysis utilizes a fictitious sink image of the
source to establish heat flow lines perpendicular to the uniform tem-
perature plane that is the actual sink. The symmetry of the source-
sink heat flow lines also shows that the result is valid for the half-

cylinder that we ara considering.

Based on this analysis, using the same number of face diamonds

in 19 rows and other properties as above, we obtain:

By

W r S
1 2
T - T, s T (e o< ) 1)  (B-16)
m e d
cr
Id - T: = 0.30° ul. (B-1.)

where T, is the matrix thickness, and L is the equivdlent row lengto,
(5

Compared to the case of @ uniform nest source ol R 7 otios face,
this is an increase of 98 per cent in the temperature risc fror the
fluid-matrix interface to trhe matrix-diamond interface. Note that the
diamond temperature does not increase 98 per cent. The most important

contribution to the diamonc¢ temperature comes from the builing side

heat transfer, not from the matrix and diamond conductivity.
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The actual temperature of the diamonds should lie between the
two limiting cases of heat input uniformly to the matrix or all con-
centrated through the diamonds. Figure 20 shows the diamond temperatures
resulting from the rise in the matrix and tube wall and that due to
boiling for various heat transfer ccefficients. The bands shown indi-
cate the diamond temperature range for each coefficient value plotted.

The water-metal heat transfer area and the matrix and tube wall
heat conduction areas appear to be sufficient to transfer the drill face
heat inputs over a wide range of operation. Whether or not the flow
annulus width (0.047 inch) in the present design is adequate to allow
sutficiently rapid steam-liquid phase separation is the most important
unresolved question. Water-steam phase separaticn in the annulus will
be enhangid by‘the centrifugal forces that will range approximately '
from 40 to 160 times the local gravity force. Also, at the 220 psia
vperating pressure, steam volume is only 110 times the initial water
volume rathker than 1600 times as at 1 atmosphere pressure. Careful
design of these cooling passages is essential to provide required surface

heat transfer.

3. Heat Transfer Between Chips and the Diamonds

In the previous sections we have evaluated the range of
temperatures for the diamond-matrix interface as a functioa of the
heat withdrawn to the cooling water and the boiling heat transfer
coefficient for several models. Before considering the over-all

drill system performance, we must first examine the heat flow between

the chips and the diamonds
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The difference in the temperatures between the chips and the
diamonds may be evaluated in several ways depending upon the model
chosen to represent the physical system in the drilling zome.

a. Model 1, Complete Chip Mixing

If we assume that there is complete mixing and godd contact between
the chips and diamonds (or diamond-matrix interface), then the chips
and diamond-matrix interface should be ac the same temperature.

Because of the rapid rotation of the drill and the force exerted on
the chips by the drill, a small chip zone is expected and mixing of
the chips should be good. Thus the maxinum diamond temperature will
be equal to the chip temperature. Any i1esistance to heat flow
between the chips and diamonds will result in a lower operating
temperature of the diamonds.

b. Model 2, "Stagnant' Chip Boundary Layer

In the absence of actual experimental data, we may assume that a
"stagnant' boundary layer of chips is formed at the matrix-chip
interfece. The thickness of this layer is at most equal to the

distance by which the diamonds protrude from the matrix. The temperature

difference between the chips and the diamond-matrix interface ('l'c - Tl)

is given as:

T "% =& (B-18)
SC

where 4 X is the thickness of the la: er, ksc is the thermal conductivity

of the chips in the boundary layer, A is the cutting zone area, and
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"1 is the heat flow into the matrix as before. The thermal conductivity
of the hot chips in the boundary layer is difficult to evaluate; as an
approximation we have assumed that the conductivity is 1/2 that of

the solid rock or 0.012 watt/cm °C. Using the dimensions given

previously and a chip boundary layer of 0.010", we obtain:

Tc - Tl = 0.39 "l (3-19)

where Tc - Tl is in °F and Ul is in watts. Thus we see that a small
stagnant layer of chips provides a large resistance to heat flow.
For 500 watts flowing into the matrix, a temperature difference of
195°P is encountered across a chip boundary layer §f 0.010".

¢. Model 3, Radiation Heat Transfer

Another extreme model is one where heat is transferred between the
chips and the diamond-matrix interface only by radiation and no direct

conduction heat transfer occurs. For radiative transfer only, we

find that:

Ao(rT % - rl“)
W o= = (B-20)
1 L + L 1
£ ¢ €l -

where 0 {s the Stefan-Boltzman constant, cc and cl are the

emittances of the chip and matrix surfaces, respectively. From

Equation B-20, we may derive a relationship between (Tc - Tl), T and
c

Hl. Even if we assume that the chip and drill face surfaces have an

emittance of unity, we find that very little heat can fiow by radiation

from the chips to the matrix-diamond surface, unless there are larger
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temperature differences between the corresponding temperatures. Typical
) values of the heat flow (Hl) are shown in the table below for various

chip temperatures and temperature differences.

Temperature Difference Between
Chips and Diamond-Matrix Interface

(Radiation Cooling Model)

Chip Temperature Heat Transfered to Matrix
‘l‘c :l T - ‘tl
(op) (Watts) (or)
3000 100 120
3000 200 260
3000 500 850
3000 740 2610
;;66 100 220
2500 200 480
2500 300 910
2500 390 2110
;666 100 400
2000 190 1610

[o)
Thus, we note that even at a high chip temperature of 3000 F only
740 watts could be transferred to thc diamond-matrix interface (even

if it were at cooling water temperature). If radiation heat exchange

were the only mechanism of heat transfer between the chips and the
face of the drill, the diamond temperatures would be very low and
the chip temperatures high.

The radiation exchange model is a rather unlikely case, since
there must be some contact between the hot chips and the drill face
(or between the diamonds and the chips). Models 1 and 2 probably
give a more reasonable estimate of the temperature difference

between the chips and the diamond-matrix interface.
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C. DRILL SYSTEM OPERATING CONDITIONS

In Section V-A, we have calculated the average chip temperatures
as a function of drilling rate, rock properties and the amount of heat
wvhich flows into the rock and chips (Uz). These results were presented
in dimensionless form in Figure 14. In Section V-B, we have estimated
a range of diamond-matrix interface temperatures based upon the quantity
of heat flowing into the_uatrix and cooling water ("l)' Because the
sum of "1 and “2 must equal the total power dissipated in the system at
the drill face, the diamond-matrix interface (or chip) temperatures must
come to a steady-state value which satisfies the equations developed in
Sections V-A and V-B. The following example will serve to illustrate
;EESevpoints:’ For 'a heat transfer coefficient of 20 Btu/hr—ttz. the zone
of diamond matrix interface temperatures is shown as a function of Hl on
Figure 21 (reproduced from Figure 20). For a kerf width of 0.286" (0.727 cm)
used in the calculations for heat flow in the matrix, a drilling velocity
of 0.102 cm/sec. (2.4 in/min) and a rock diffusivity 0.00892 cmzlsec.
we obtain a value of € of 4.16. From Figure 14, the value of ocUTav/q

or equivalently ocAUTav/w2 = 0.86

thus:
0.86 W, 0.86 (3000-W,)
T = - 1 (c-1)
av ocUA pcUA
Por ¢ = 2.8 B2ELEEC £ 0102 cm/sec and A = §.8 om?
cem C

we obtain:

Tav = .307 (3000-“1) (C-2)
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where Tav is in °C and Hl is in watts, or:

]
Tav = 0.553 (3000-“1) (c-3)

' )
where t.v is in P.

Here we have assumed that 3000 watts total power is required to
drill at 2.4 in/min. Since I;v is the average temperature of the
chips (above the ambient temperature), the chip temperature Tc is T;v - 40°r.
1f we assume that the chip temperature is the same as the diamond-matrix
interface temperature, we may also show on Figure 21 an operating line
for the matrix-diamond interface. This line is labelled "A" and has a

negative slope as seen in Equation C-3. For Model 2, we have found that

'l‘c-'l‘1 = 0.39 Hl
Therefore, the matrix-diamond interface temperature Tl is
T, =T -0.39 W, =T' =-40 -0.39W
1 c 1 av 1

= 0.553 (3000 - Hl) - 0.39U1 - 40

= 1620 - .943 Hl

This operating line is designated line B on Figure 21.

Summarizing these conditions, if 3000 watts total power is required
to drill at a rate of 2.4 in/min, the diamond-matrix interface temperature
is given by the following equations for the complete mixing model or the

"stagnant chip boundary layer model."

Model 1 Tl = 1620 - .553 Hl (Line A)

Model 2 T1 = 1620 - .943 Hl (Line B)
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The zone between these operating lines is a steady-state operating region
for the drill system. Other operating lines can be drawn depending

upon the total power required and the actual drilling rate. Thus, for
example, if it is found that a drilling rate of only 1.2 in/min is pos-
sible with 3000 watts total input to the drill face, we obtain two new
operating lines for these models as:

Model 1 Tl = 2790 - .942 “1 (Line C)

Model 2 Tl = 2790 - 1.332 "l (Line D)

The operating lines for these drilling rates are also shown in
Figure 21 and the intersections of theze lines with those giving the
characteristics of the matrix-diamond interface based upon heat flow
into the matrix may be obtained. Thus, the shaded zones in Figure 21
indicate potential operating conditions for the models and operating
characteristics chosen. For example, if a total power of 3000 watts
provided a c¢rilling rate of 2.4 in/min, and a heat transfer coefficient
of 20 Btu/hr-ft2 OF, an operating temperature of the diamonds may be
in the range of 1100 to 1300°F, depending on the conditions at the
interface of the bit and the chips. When between 400 and 600 watts will
be supplie¢ to the cocling water through che matrix, the chips will
carry away 2400 to 2600 watts. If the same power (3000 watts) is re-
quired at the lower drilling rate of 1.2 in/min, the temperatures of
the diamond-matrix interface will be above 1700°F in a range where the

diamonds may not be satisfactory.
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It must be re-emphasized that the operating zones shown in Figure 21
do not take into account the heat flow from the chips to the drill wall
along the flutes. A de:ailed examination of the effects of drill shaft
heating by the chips requires a three dimensional heat transfer analysis
of the drill system near the cutting zone with complete specification
of the heat transfer and boiling taking place in the water filled annulus.
This analysis is beyond the scope of our present program. However, some
estimates of the effects of chip heating can be made. For example, if
we assume that radiation is the principal mechanism of heat transfer
from the chips to the drill shaft, the rate of cooling of chips for the
spiral mode of motion was given in Figure 16. The maximum heating
occurs in the first few inches of travel of the chips along the drill
shaft. 1In Section V-B it was shown that the heat from the matrix material
was transferred into the cooling water within several inches of the drili
face. By superposition of the upward heat flow along the drill shaft
with the radial heat flow into the shaft, we may ¢stimate the increase
in the drill shaft temperature (and equivalently in the diamond matrix
interface temperature) in the zone behind the drill face.

From Figure 16, at a drilling rate of 1.2 inches per minute, the
temperature of the chips decreases from about 17107K to 1140°K in the
first 10 inches of travel along the shaft. The heat lost by the chips
is approximately 860 watts; if half of the heat lost is transferred to
the rock and half to the drill shaft, 430 watts flow into the drill shaft
in this zone. The temperature difference between the drill shaft and
the cooling water required to transfer this amount of heat is given below

for several values of the heat transfer coefficient:
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For reasonably high values of the heat transfer coefficient, the
temperature ris. of the drill shaft caused by chip heating is small
compared to the rise in temperature of the matrix-diamond interface
temperature for an equivalent upward flow of heat. This is a result
of the large heat transfer area of the drill shaft surface compared to

the small cross sectional arca of the drill shaft through which heat

from the matrix must flow, For higher drilling rates, e.y., 2.4 in/min,

the effects of the chip heating will be smaller because the initial chip
temperature is considerably lower and the radiation heat transfer from
the chips to the shaft would also be lower. The decrease in radiation
heat transfer is offset by the larger view factor «f the drill shaft by
the chips; however, the fourth power dependonae of the tadiation heat
transfer on temperature should more than compensate for the larger view
factor.

In the slug flow mode of chip transfer, heating of the drill shaft
by the chips will be significantly larger, so that higher shaft tempera-
tures would result. Experimental measurements will have to be carried
out on an operating system to establish the mode of chip transfer an

evaluate drill shaft temperaturvs near the cutting zone. Drill burnout
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may be a problem if slug flow is predominant and high convection co-
efficieﬁts are not achieved near the drill face.

The effects of chip heating of the drill shaft are to increase the
level of the operating lines given in Figure 21. The increase is inversely
proportional to the convection coefficient. Furthermore, the slopes of
the operating lines also change, because as more heat is withdrawn from
the drill face into the cooling water, the initial chip temperature is
decreased and the heating of the drill shaft by the chips decreases.
These factors have the effect of moving the intersection zones shown in
Figure 21 slightly upward, depending upon the drilling rate and the con-
vection coefficient. The over-all effect should not be large provided
the spiral mode of chip motion predominates,

The maximum effect of any stoppage of cooling water on the diamond-
matrix interface temperature can be inferred from the intersection of
operating lines A and B or C and D with the ordinate for zeroe powet

flowing into the matrix.
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VI. JACTORS AFFECTI: DRILL PERFORMANCE

A. EFFECT OF OUTGASSING FROM ROCKS

Low pressure gas conductances for flow from the hole bottom upward
past the drill were calculated for both molecular and viscous flow
regimes. The primary objective was to determine the gas pressure
resulting from osutgassing of the volatile constituents of the rock at
the drilling zone. High gas pressures may significantly affect the
vifective thermal conductivity of the chips and lead to higher heat
transfer rates from the chips to the drill and surrounding rock.

The combined gas conductances of the annuli between the drill and the
hole and between the inner nd outer tubes were 4.145 x 10.2 liters/sec
ter molecular flow and 55.1 x 10-2 liters/sec for viscous flow (Dushman,

19y,

Ihe product aP  is the controlling criterion for viscous or molecular

»

tlow. Here "a" is the characteristic cross-sectional dimension, in
centimeters, of the flow passage and T is pressurc in microns. The
division between flow regimes can be stated:

When aP“ 50U, the flow is viscous.

When aPL <5, the flow is molecular.

When SxaPu <300, the flow is in the transition range.

Based on the outer annulus width. a = .127 cm, 39.4 x 10-3 torr is
the maximum pressure for molecular flow and 3.94 torr is the minimum for

fully-establishea vis:ous flow. Between these pressures is a transition

region with mixed flow effects.




We calculated the maximum gas release rate for molecular flow and
the minimum gas release rate for viscous flow with the following
assumptions: .

1. Lunar atmospheric pressure is 10-10 torr.

2. Molecular weight of 16 is typical for probable gases encountered

(oxygen, nitrogen, water vapor).

3. Drilling rate is 2.4 inches per minute.

4. Density of lunar rock is 2.7 gram/cmj.

Based on these assumptions, molecular flow will exist if the released
gas is less than 0.36 ppm by weight or the rock. If the gas release
exceeds 241 ppm or 0.024% by weight of rock, viscous flow will be fully
established near the drill. These calculations suggest that gas pressure
of the order of 1-10 torr may be present in the chips if volatiles are
present in the rock. In this pressure range, the conductivity of a powder
is increased significantly over that in vacuum.

Experimental data on vapor generation during rock drilling (and
heating) and the effects of the vapor on heat transfer ina hot chip
system are required before the effect of rock outgassing on drill per-

formance can be fully evaluated.

B. CHEMICAL REACTIONS OF THE DRILL SYSTEM

The diamond drill consisting of diamonds imbedded in a tungsten
carbige with Co (or Ni) or TiC-Co (or Ni) additives is not expected to
react to any significant extent with either the lunar rock or the cooling

water of the drill, if there should be a leak.
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To estimate the reoctivity of these materials, we have assumed the
maxi&um operating ténperature of the drill to be 1000°C. At this iempera-
ture, the silicate minerals, which are assumed to compose most of the
lunar rock, are extremely stable with respect to carbon reduction. A
single typical calculation will suffice to demonstrate the stability.

The reaction of carbon (or diamond) with sodium silicate:

C(c) + Naz 8103-* SiO2 (c) + 2N (c) + cCo () 1)
has a free energy at 1000°C of + 51.4 k cal/mole. This means that the
maximum rate of release of carbon monoxide during drilling would be
less than 1.9 x 10-8 g/cnz-sec. This rate of release would correspond
to a maximum diamond recession rate of 1.83 x 10-8.cm/sec or about 0.5
mil over a 20 hour period of drilling.

If the drill should encounter water vapor in drilling the lunar rock
or if some of the cooling water accidentaliy comes in contact with the
diamond drilliny elements, chemical reactions would be possible. Binford
ard Erying (1956) studied the steam carbon reaction:

C(o) + H,0 (r) = CO (p) + H, (8) (2)

at temperatures of 900 - 1300°C and steam pressures of 1 - 40 u at IOOOOC,

the measured rate of reaction of carbon was 0.25 x 10"7 moles/cm2 min,

independent of pressure between 5 and 40 u. If diamond reacts at the
same rate as graphit. (an assumption that we shall examine further
below). then the rate of recession of the diamond drill elements at
IOOOOC in tle presence of water vapor would be of the order of 3.4 x 10-S

mils/min or 0.04 mils over a 20 hour period.
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There have been very few experimental reaction rate studies on
diamonds. For'p#rposes of estimation, it seems reasonable to assume that
the upper limit of the rate of reaction of diamond will be given by
the rate of reaction of graphite under similar conditions. One reaction
that has been studied directly on dizmond is oxidation. Evans and
Phaal (1962) measured the rate of oxidation of diamond at temperatures
of a range 650 - 1350°C and oxygen pressure of 0.2 torr to one atmosphere.
They found evidence for oxygen catalyzed graphitization and showed that
the rate of oxidation of diamond is controlled by the rate of oxidation
or the carbon layer which forms on the surface.

The carbide-metal composite matrix is also expected to be unreactive
under the anticipated temperature conditiq?s. Any loosening of the diamond

in the matrix is more likely to have a mechanical than a chemical cause.
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APPENDIX A

THE TEMPERATURE DISTRIBUTION GF AN INFINITE STRIP SOURCE
IN A MOVING MEDIUM

Consider an infinite strip heat source of uniform intensity (q units
of heat per unit length per unit time) and of width 2d, located at the
2 = 0 plane as shown in Figure A-1. The surrounding medium, infinite in
extent, has a density p, a specific heat ¢, and a thermal conductivity
k, and it is moving with a uniform velocity U in the negative z direction.
Then it can be shown®* that the temperature rise of the medium over ambi-
ent temperatnre is given by:

a

T (x', 2') = == ad J K [[z'z + (x'-c')zlllz] de'

npcl €

-a
where x' and z' are normalized coordinates given by:

x' = pelx 2' = pcUz
2k °* 2k °

a is a dimensionless paraxmeter given by:

.
U

dpc
o d2ct
LA T

and Ko is the Hankel function of order zero.
This expression shows that the temperature decreases exponentially
for positive values of z', i.e., that we have an exponential boundary

layer in the positive z direction of thickness 2k/ocU. Furthermore, for

*

This integral can be formed from the formula of the line heat source
given by H. S. Carslaw and J. C. Jaeger, "Couduction of Heat in Solids",
Oxford Unjversity Press, 195C, page 224.
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z' small and x' large, the asymptotic expansion of K shows that there is
an exponential'boundary layer in the x' &1r§;::;n'(posit1ve or negative)
of the same thickress (2k/pcU). The existence of these steep boundary
layers means that, if pcdU/k is 1 or larger, only the part of the medium
vhich 1s within a distance 2d from the centerline of the source is influ-
enced by the source for z > 0; in other words, the medium outside this
region is essentially at ambient temperature. It also means that each
¢lement of the source of length of the order of 2d influences heavily
only the part of the medium which is near it. The implication of this
last statement is that, for a strip heat source which is bent in the xy
plane, the temperature rise in thc medium within a distance 2d from the
centerline of the source can be estimated accurately from the formula
of-the straight strip source as long as the curvature of the bent source

is large as compared to d.

The temperature rise at 2' = o is given by:

-_g_ g L. ' L
T (x') muj Ko (1" =87 D) de

If

() =2 J K, (t") dt’

L

it can be shown by a simple transformation of variables that:

T (x') "z%ﬁ (1 (a+x') -1 ( -x"))
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- Whereas K, is a tabulated fuaction, I(t) is not. We have computed

I(t) by nﬁeriéal 1ntegrationi u'sin‘g tﬁe trapezeid;l rule ‘and- the vaiues
of K° given in Jahnke and Emde's "Tables of Functions”. The results are
shown in Figure A-2. The accuracy is better than 5Z.

With the curve of Figure A-2, the temperature rise on the plane of the

source can be computed for all values of x'.

.
!
i
1
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APPENDIX D
THERMAL CONTROL SUBSYSTEM DESIGN

The Westinghouse concept of the lunar drill requires a thermal control
system for the drill bit to prevent the destruction of the bit and to conserve
the integrity of the core sample. ! The thermal control concept is based on a
closed cycle 2-phase systemz utilizing the latent heat of vaporization of water.

The analyses that led to the sizing and configuration of the system are as
follows:
D. 1 LINE SIZING OF COOLING SYSTEM

The first studies were made to determine the minimum line sizes required
using water vaporization cooling to remove 3 kW of hcat from the bit. Line
sizes have been determined for a number of possible vwperating conditions
using a gravity flow system only.

The basic equations used to dctermine the line sizes are:

. Q = ﬂDZV/-I = 0.785 D2Vf13/soc

Q = quantity of flow (fta/sec)
D = inside diameter of pipe {ft)
V = fluid velocity in pipe (ft/scc)

2. Reynolds No., NRE = gVD/v
d = fluid density (1b/ft")
V = fluid velocity in pipe (ft/sec)
D = inside diameter of pipe (ft)

v = fluid viscosity (lb/ft-sec)

l. pp. 3-149 of Westinghouse proposal "Development of a Lunar Drill System. "

2. pp. 3-150 and p. B-29 of Westinghouse proposal "Development of a Lunar
Drill System. "
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3. Headloss, h =l VZ/Z gD

= friction loss in pipe (ft of fluid)
= length of pipe (ft)

= fluid velocity in pipe (ft/sec)
inside diameter of pipe

= gravity constant (32.17 ft/secz)

-~em < -
[ ]

= friction factor - determined from Moody graph of factors for flow
in pipe versus Reynolds numbers.

Minimum line sizes for a particular operating condition were determined
as follows:

a. Flow rates (Qin fts/sec) were determined for a particular boiling
temperature at the drill bit.

b. Using this flow rate in equation (1) values of fluid velocity (V) were
determined for numerous line diameters (D).

c. Reynolds numbers were determined from equation (2) for specific
values of fluid velocity and pipe diameter.

d. Friction factors were selected from the Moody graph for each specific
value of Reynolds number.

e. The head loss in the pipe was determined from equation (3) assuming
a fixed value for pipe length (1). Values of fluid head loss determincd for the
steam line w' re converted to liquid water head loss values.

f. Values\ oi head loss versus pipe diameter for both the water line
and the steam line were then plotted using 16.5 feet of head loss as a maxi-
mum. This figure was used as a maximum because it corresponds to 100
feet of liquid head on the moon.

By using the resulting two curves of liquid head loss versus pipe diameter
and with a maximum available liquid head of 16.5 feet, thc minimum total
cross-sectional area of both the water and steam lines can be determined.

Results of the above calculations for eystems with specified operating

conditions are tabulated on the following page.
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COOLING SYSTEM CIRCWUIT

1 2 3 4 S
ONE ONE TWO ONE THREE
LINE LINE I.INES LINE LINES

Boiling Temperature, °F 197 392 392 158 392

Boiling Pressure, PSIA 10.8 225 225 4.5 225

Condensing Temp., °F 158 390 390 150 390

Condensing Press, PSIA 4.5 220 220 3.7 220

Water line equivalent 300 300 300 300 125*
length, ft.

Steam Line equivalent 300 300 300 300 125*
lergth, ft.

Water line 1.D. (in.) 0.175 0.153 0.109 0.104 0.082

Steam line 1.D. (in.) 0.479 0.279 0.218 0.574 0.154

125 feet of equivalent length werce used in this case after it was determined
that shutoff valves in the drill rod scctions could be ¢liminated. This is
cxplained later in this report.

As a result of the first efforts in determining minimum line sizing, it
became evident that a system operating nominally at 390°F w. +ld result in
a system of less weight than once operating at a lower temperature.  The line
sizes would be smaller and contain less water. The thermal radiator (con-
denser) would be smaller and considerably lighter since it would be operating
at a higher temperature.

At this point, it was decided to look at a three parallel line, high tempera-
ture (390°F) system, without shutoff valves in the drill rod scctions to see if
a weight savings might be realized. This mecant that water in the lines would
be lost when adding drill rod secticns. Since the weight of valves was esti-
n.atcd at 5 pounds, the water lost in this type of operation could not exceed

5 pounds.




Elimination of the valves permitted calculations for line sizing to be done
using 125 feet of equivalent length for the lines instead of 300 fcet equivalent
length. The resulting head loss versus pipe diameter curves are shown in
figure D-1.

By using these curves and dividing the 16.5 feet of available head between
both the water lines and the steam lines, any number of pipe diameter combina-
tions may be used as long as their total head loss does not exceed the 16.5
feet. A minimum total pipe cross-sectional area is reached, however, when
the water lines are 0. 082 inches ID and the steam lines are 0. 154 inches ID.
In order to have a reasonable safety factor, it has been decided to use water
lines of about 0. 100 inches ID and steam lines of about 0. 200 inches ID. From

the curves, it can be seen that the piping head losses then become:

® Water lines head loss 1.2 ft
® Steam lines head loss 3.9 ft
® Total head loss 5.1 ft

With 16.5 feet of head available, these line sizes become more than adequate
to ensure sufficient flow in a gravity feed system.
D.2 SYSTEM OPERATION

Opecration of the cooling system is explained now with reference to figure
D-2.

At the start of the drilling operation, the condenser portion of the system
is pressurized and separated from the drill rods and bit. These sections are
open to the vacuum atmosphere. Valves A, B, C, and D are closed.

a. Drill rod and bit section are connected to condenser portion for start
of drilling opcration. Valve D is closed.

b. Valve A is opened charging water into drill rod and bit section.

c. Valve C is opened and the system is ready for drilling operations.

d. When new section of drill rod is required, valve A is closed, valve

B is opened and drilling continues with valves B and C open until water in the
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drill bit section of the_ system is evaporated. It will collect in the condenser
section of the system,

c. All three valves will then be closed and drill bit section is verted to
vacuum by opening valve D. The system is then separated to add a new scc-
tion of drill rod. Water vapor left in the drill rod and bit section will be lost
to the vacuum atmosphere.

f. The above procedure will be repeated as necessary to reach the de-
sired drill depth of 100 feet.

If the water and steam line diameters are respectively 0. 100 inch and
0.200 i:ch and drill rcd sections are 5 feet lorg, the total amount of water
lost to the vacuum atmosphere when drilling to a depth of 100 feet will be
approximately 0.67 pound. This figure includes both the weight of steam in
all of the vertical lines and the weight of water that might remain in the deill tat.
D.3 BOILING SURFACE AREA REQUIRED

Some explanation of the physical laws of heat transfer through builing
water must be made in order to justify the amourt of heat transior surtac,
require d. Figure D-3 shows the characteristics o1 @ heat transter Capabiiith
of a heated surface in contact with water at atmospheric pressure.,

Zone A, to 15 F - This is the so-called convection oo line 2o, oy
takes place in the heatea water at some point away tron. the surio o«

Zoone Boodrom 157F 10 45°F - This is the nudleate bodiinae cone b re -
dividual bubbles of vapor are furmed at the hot surface. brear awin and trave !
upward through the water to the atmospherc.

Zone C, from 45°F to approximately 440°F - This is a transition zone
where increasing the temperature of the heated surface actuaily reduces the
2mount of heat transferred. In this area, the vapor partially insuiates the
heated surface from the water until about 440°F is reaches on the hot surin. .
At this pcint the surface becomes completely covercd with a sheath of vap

and all hicat transfer is through this vapor barrier.
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Zone D, of 440°F and above - This is the film vaporization and heat transfer
increased until at about 18°F the previous maximum heat transfer rate is
again reached.

In cooling of the drill bit, temperature of the diamonds cannot be permitted
to exceed 800°C (1472°F); therefore, heat transfer by boiling must be accom-
plished below the critical temperature difference of 45°F. The amou=nt of
heated surface required in the drill bit must be selected based on the forced
convection curve in figure D-3 rather than the free convection curve. The
practical limit of heat flux from this curve indicates a maximum of 100, 000
Btu/hr ftz and for this system a limit of &5, 000 Btu/hr ftz was used. For a
3-kW heat dissipation, approximately 17,5 square inches of boiling surface
area would be required. Vroportionally less surface would be required for
lesser heat dissipation.

D.4 PROBABLE COOLING LOAD

At the time of writing the proposal, it was assumed that all of the 5 kW of
power available was used with 60-percent overall efficiency. This mcans 3
kW of heat must be dissipated at the driil bit when ali other losses are neglect~d.

From curves of drill penetration rate, thrust, torque and rpm for granite
as shown in the Westinghouse proposal. it appearced that 3 kW of heat dissipa-
tion in the drill bit might be unrealistic. For ¢xample, the amount of power
being dissipated in a typical bit, drilling through granite at !. /¢ inches min
and 500 rpm with an axial thrust of 400 pounds, is about 42° watts. Based
on this information, it appeared that a bit cooling system capable of dissipating
1 kW would be adequate. A breadboard thermal control system was designed
and tested to determine the feasibility of a 1-kW cooling systemn. The testing

was successful,

D-9,D-10



APPENDIX E
THERMAL CONTROL SYSTEM FEASIBILITY TEST

E.1 GENERAL

The purpose of the thermal control test was twofold; first, to show that
the thermal control manifold concept could remove a specified minimum
amount of heat, and secondly, that the coolant passages were sizced so that
a vapor lock condition could be avoided.

This test was conducted at the Westinghouse Aerospace Test Laboratory.
A drawing of the drill bit blank used in this test is shown in figurc E-1. The
major modification of this blank from the previous blanks is the length. A
photograph of the test setup is shown in figure E-2. The apparatus was en-
closed in a plywood box filled with loose insulation to minimize heat losses
to the room,.

Hcat was applied from an electrical resistance heater wrapped around the
bit blank. Removal of heat from the system was accomplished through a watcr
cooled condenser at which point the amount of heat removed was micasured.

In the tests, it was necessary to apply 1,420 watts to the drill bit blank in
order to measure over 1,000 watts being removed at the water cooled con-
denser at the steady state condition. Approximately 400 watts were dissipated
from the test setup to ambient room air. Thermocouples were mounted on
the outer surfaces of the insulated enclosure around the system and the bit
blank. This allowed the calculation of heat lost through the insulation. Cal-
culations are shown in paragraph E. 2.2 of this appendix, with the resulting

heat exchanged and system losscs summarized in table E-1.
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TABLE E-1
THERMAL CONTROL TEST RESULTS

LOCATION .

Botiom surface of drilt blt blank

taner externgl surfsce of drill bit blank
Inner external surface of drill bit blank

Externsl suriece, | In, down ftrom top, adjacent fo waler
Hine,

Externsl surtace, | In. down from iop, adjecent to slesm
fine,

Waier line, 1/8 in, O.D., enitering drill bil blank
Sieam line, 3/32 In, O.D., entering drill hit blank
Cooling waler entering condenser

Cooling water leaving condenser

Side of insulated box (Middie)

Insulation exteri ~ on drill it blank

Top of insulated box (Middie)

Room Temperature

I
1

DATA FROM FIVE CONSECUTIVE READINGS 30 Nov. 6%

13rachng 1 ] h ] . S

Time 3:00 318 3 30 3:48 4 .00

Walls In 1430 1420 1420 1420 1420

Fiow, cc/min. 2%.0 2.7 8.7 2.0 2. °

I'ressre, PSIG 4) 46.5 32 36 6)

.c OF .c .F .C .F .c .F .c IF'

TC [ [F)) 267.8 | 133 271 a | v3s.8s 2759 | 137 276.6 140 284
TC 32 138 271.4 137 278.8 | 139 202.2 141 205.8 143.9 290.)
1c 3 120 240 121.8 23%0.7 [ 1235 2% .3 |12 2508 120 262.4
TC 4 102 323.6 | 163 325.4 | 166.% 3.7 168.5 333 .2 172 ETYINS
TC L) 173 303,61 178 3a8.2 | vei 3%50.6 | 179 3%s.2 18) 360 .4
yC [ 140 2% .0 | 100 298.4 | 100 300.2 | 182 30%.¢ 182 305 .6
TC ? 148 a9 147,99 297.5 | 149 300.2 192 305.6 154 309.2
C [} 4.5 113.7] 40,9 119.3 | 40.5 10s4.9 1.9 106.7 4.8 106.7
TC [ ] 140 204 14) 209.4 | 148,35 203.9 | 140 296.4 150.% 302.9
TC 10 30 2.4 30 2.6 20 82.6 30.8 83.) 20.9% 83.)
TC " 107 238.6 | 100,83 227.3 | 110 23 "t 23r.0 | 112 333.¢
TC 2 39 846.2 a9 0.2 39.9% 9s.! 29.9 3. 30 86.0
¥C [} 3) 73.4 36 75.2 36 ?75.3 34.9 7.3 34.5 78.2

Watts out 1062 1048 1066 103? [ TY I

1t Losse 208 a0 28 216 218

f3on Top Lose 30 43 4 " 50

tion Side Loss 160 136 134 15 (FY)

flon PBase Loes N an n N 21
TOTAL 1509 1488 140! 187 140)




The test system was initially designed to remove 1 kW from the bii blank
when operating at a maximum pressure of 210 psig and a maximum tempera-
ture of 390°F. To expedite the test, off-the-shelf hardware was used in con-
struction. As a result, the lines and condenser were oversized and resulted
in the removal of 1 kW with the system operating at 5) psig and 300°F. This
difference in operating points does not ef{fect the validity of the tests since
the addition of 1 kilowatt into the bit did not cause superheating of the coolant.

A tabulation of the test results appears in table E-1 describing the heat
dissipation as well as thermocouple location and recordings. The following
sections show the calculation of heat dissipation.

E.2 THERMAL CONTROL TEST RESULTS
E.2.1 Calculation of Watts Output

(cc/min x 0.00220 1b/cc) (enthalpy change of water B/1b) watt
0.0569 B/min watt T = s

Reading Number 1

(25.0) (0.00220) (1099.7)/0.0569 = 1062 watt-
Reading Number 2

(24.7) (0.00220) (1098.7)/0.0569 = 1048 watts
Reading Number 3 v

(24.7) (0.00220) (1115.0)/0.0569 = 1066 watts
Reading Number 4

(24.0) (0.00220) (1115.3)/0.0569 = 1037 watts
Reading Number 5%

(22.3) (0.00220) (1117.4)/0.0569 = 963 watts

* On reading number 5, the linc pressure on cooling water entering the
condenser was fluctuating. The flow meter was indicating a lesser flow
although no adjustment had been made. The lower wattage output
calculated was due to thermal inertia that prevented the cooling water
temperatures to adjust fast enough.




E.2.2 Calculation o( Bit Insulation Loss in Watts
Qs nu:ﬂar)AM |
watts = Q/SAIS B/Hr watt
he + hr = hut.truufer coefficient

A . ATIRCS ¢ )
at : “mptmratnro difference
A =48 {18)/144 = 1,96 £t

hc + hr = 2.40 B/hr £t2 °F for 150°F At (Marks pg. 377)
Reading Number 1

watts = (2.40) (1.96)(151)/3.415 = 208 watts
Reading Number 2

watts = (2.40) (1.96)(152)/3.415 = 210 watts
Reading Number 3

watts = (2.40) (1.96)(155)/3. 415 = 214 watts
Reading Number 4

watts = (2.40) (1.96)(156.6)/3.415 = 216 watts
Reading Number 5

watts = (2.40) (1.96)(158.4)/3.415 = 218 watts

The thermocouple on the bit insulation was taped on with masking tape and
indicated about 225°F. This was probably high because of the tape. The
insulation was never too hot to lay your hand on it. 200 watts loss therefore
is probably somewhat high.

E. 2.3 Calculation of Heat Loss From Top of Box

watts = UAAt/3. 415 B/Hr watt

watts = 4,63 At

U 1.64 B/hr ft*°F

A (2.00) (4.81) = 9.62 ft?

Reading Number 1
watts = (4.63) (10.8) = 50.0 watts

"




Reading Number 3 Ll
watts = (4. 63) (9. 9) = 45 8 watts
Reading Numbe’?w@* i ulal
watts = (4. M)*ﬂ 9): 45 8 watts
Reading Number § < _‘ :
: watts = (4. 63) ﬂo 0) = '50.0 watts

The thermocouple was located in the middle of the top of the box and

| would indicate a temperature higher than the average for the top. The above
wattage loss figures are higher than the actual losses.

E. 2.4 Calculation of Heat Loss From Sides of Box

UA At/3. 415 B/Hr watt
S watts = 18.6 At c
> v 1.47 B/hr £t% °F

A 43.2 ft2

watts

ST AL S S

"

Reading Number 1

watts = (18.6) (9.0) = 167.5 watts
Reading Number 2

watts = (18.6) (7.2) = 134 watts
Reading Number 3

watts = (18.6) (7.2) = 134 watts
Reading Number 4

watts = (18.6) (8.1) = 151 watts
Reading Number 5

watts = (18.‘6) (8.1) = 151 watts

The thermocouple was located in the middle of the side of the box and would
indicate a temperature higher than the average for the sides. The above

wattage loss figures are higher than the actual losses.




) E.2. 5 Calcnktiou of Heat Losses From Bottom of Box -

‘ No temperatnre melsurementl made, however. the g fa:t;r for the
bottom would be 1.09 B/br ft° °F. Assume surface temperature 7°F above
room temperature. ‘

watts Lam nam/s 415 B/hr watt
b SE09.09 B/ur t? °F
A = 9.6214d
AL s TF
.. watts = (1.09) (9.62) (7)/3.415 = 21.4 watts




